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Summary 

Since the patent of the strain gauge design, this invention started to shape the world we knew before 

and increased the availability of the strain measurement in different applications. Having this in mind 

we various application of the strain gauge were found in industries. Nowadays in engineering strain 

measurement is important field to study. In this paper the idea of the embedded strain gauges are 

analysed and discussed, as far as industry sees the need of it with upcoming additive manufacturing 

to all industries, and applications from the rapid prototyping till the aerospace industries. In order to 

get constant data on structure health and resistance, the strain gauges with data acquisition system 

can be used. This assures the real time and constant flow of data to keep the structure in safe mode. 

In order to get the data, the strain gauges must be installed, the installation usually takes time and 

costs, and also in some cases, when it comes to aggressive environments the upkeep and supervision 

is complicated. In such cases the embedded sensors including strain gauges would be helpful. In this 

research paper there is an overview of different strain measurement methods is done and based on all 

observations, decision was made to proceed with integration of sophisticated strain gauge with ability 

to withstand elevated temperatures. The temperature resistance is needed, because during 3D printing, 

temperature reaches more than 200° Celsius. Strain gauges were prepared and embedded in the 

specimens produced using the PLA as main structure material. After the production and validation of 

resistance level on each of strain gauge, the data acquisition system was built on the base of Arduino 

minicomputer to represent and to log the test results and data. For the tests there were two direction 

chosen, one part of the tests were done using special test bench built and second part was the 

validation of strain measurement on the test machine.  
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Santrauka 

Patentavus įtempimų jutiklio dizainą, šis išradimas pradėjo keisti mums anksčiau pažįstamą pasaulį 

ir padidino deformacijų matavimo prieinamumą įvairiose srityse. Turint tai omenyje, pramonės 

šakose buvo rasta įvairių deformacijų jutiklių  pritaikymų. Šiais laikais inžinerijos srityje deformacijų 

matavimas yra svarbi studijų sritis. Šiame darbe analizuojama ir aptariama įterptųjų deformacinių 

matuoklių idėja, nes įvairios pramonės sritys mato, kad tai reikalinga su visose pramonės šakose ir 

galimas pritaikymais nuo greito prototipų kūrimo iki aviacijos ir kosmoso pramonės. Norint gauti 

nuolatinius duomenis apie konstrukcijos būklę ir atsparumą, galima naudoti deformacijų jutiklius su 

duomenų rinkimo sistema. Tai užtikrina nuolatinį duomenų srautą realiu laiku ir padeda struktūrą 

išlaikyti tinkamą eksploatacijai. Norint gauti duomenis, reikia sumontuoti deformacinius matuoklius, 

montavimas dažniausiai užtrunka ir kainuoja, o kai kuriais atvejais, kai kalbama apie agresyvią 

aplinką, jų priežiūra yra sudėtinga. Tokiais atvejais įterptieji jutikliai, įskaitant deformacijos 

matuoklius, yra nepakeičiamai naudingi. Šiame darbe apžvelgiami įvairūs deformacijų matavimo 

metodai ir išanalizavus juos buvo priimtas sprendimas integruoti sudėtingą į konstrukciją jutklį, 

galintį atlaikyti aukštą temperatūrą. Atsparumas temperatūrai reikalingas, nes 3D spausdinimo metu 

temperatūra siekia daugiau nei 200°C. Įtempimo jutikliai buvo paruošti ir įterpti į bandinius, 

pagamintus naudojant PLA kaip pagrindinę konstrukcijos medžiagą. Sukūrus ir patvirtinus kiekvieno 

įtempio jutiklio varžos lygį, Arduino mini kompiuterio pagrindu buvo sukurta duomenų rinkimo 

sistema, skirta bandymų rezultatams ir duomenims registruoti. Bandymams buvo pasirinktos dvi 

kryptys, viena bandymų dalis buvo atlikta naudojant specialų bandymų stendą, o antroji dalis buvo 

įtempių matavimo bandymo mašinoje patvirtinimas. 
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Terms: 

Additive manufacturing – is a process of creating three-dimensional objects by adding material 

layer by layer. It uses computer-aided design (CAD) software and various materials such as plastics, 

metals, and ceramics to build complex shapes that would be difficult or impossible to produce with 

traditional manufacturing methods. 
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Introduction 

Additive manufacturing technology has revolutionized the way products are designed and 

manufactured. Integration of strain sensors in 3D printing adds a new dimension of capabilities to the 

technology. Significance of 3D printing with integrated strain sensors provides several benefits for 

the industry, e.g. quality control with the use of integrated strain sensors, it is possible to monitor the 

quality and consistency of the 3D printing process. The sensors can detect any flaws or defects in the 

printing process, which can help manufacturers to take corrective actions. Moreover the structural 

health monitoring, when the 3D printed objects with integrated strain sensors can be used for 

structural condition monitoring, where the sensors can detect any changes in the structural integrity 

of the object. This can be particularly useful in fields like aerospace and civil engineering, where the 

safety and durability of structures are critical. In the recent year the increase of research of the smart 

devices in healthcare segment is significant, in some of research papers [1] examples presented where 

simples smartphones used to support experiments. Keeping this in mind the 3D printing with 

integrated strain sensors can be used to create smart devices that can detect and respond to changes 

in their environment and send the data to the smartphone. For example, a prosthetic limb with strain 

sensors can detect the movement of the human muscles and respond accordingly. Moreover the use 

of integrated strain sensors in 3D printing can also improve the efficiency of the manufacturing 

process. By monitoring the strain on the printed object during the printing process, it is possible to 

optimize the printing parameters and reduce material waste. Overall, the integration of strain sensors 

in 3D printing has significant potential to enhance the quality, safety and efficiency of manufactured 

products, as well as enable the creation of innovative new devices and applications. The variance of 

3D printing technologies refers to the diversity and range of different 3D printing methods [2], 

materials and applications that exist. There are many different types of 3D printing technologies, each 

with its own strengths and weaknesses. Some of the most common 3D printing technologies include: 

Fused Deposition Modelling - this is the most widely used 3D printing technology. FDM involves 

heating a thermoplastic filament and extruding it through a nozzle to build up layers. 

Stereolithography is a technique that builds an item layer by layer by curing a liquid resin with a laser. 

There are also many different materials that can be used in 3D printing, including plastics, metals, 

ceramics and even biological materials. The applications of 3D printing are also varied and wide-

ranging, including prototyping, product design, engineering, medical applications and more. Overall, 

the variance of 3D printing technologies reflects the incredible diversity of possibilities that 3D 

printing offers. As the technology continues to evolve and improve, we can expect even more 

innovative and exciting applications to emerge. Additive manufacturing can be a useful tool in the 

production of solar cells, especially for creating complex and customized designs. Here are a few 

ways that 3D printing is being used in solar cell production, it can be used to create custom moulds 

for the fabrication of solar cells. These moulds can be designed to match the desired shape and size 

of the final product, allowing for greater flexibility and precision in the manufacturing process. Also 

prototyping and testing: 3D printing can be used to quickly create prototypes of new solar cell designs. 

This allows researchers and manufacturers to test different configurations and materials without the 

need for expensive and time consuming traditional manufacturing methods. Moreover 3D printing 

can be used to create components such as brackets, mounts and connectors for solar panels. These 

parts can be custom-designed to fit specific installations and environments and can be produced 

quickly and affordably using 3D printing technology. Overall, 3D printing has the potential to 

revolutionize the way that solar cells are manufactured and designed, making the process more 

efficient, cost effective and sustainable [3]. 
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Aim: to develop and investigate 3D printed structure with integrated sensors for mechanical 

properties evaluation. 

 

Tasks: 

1. to develop methodology for manufacturing of structures with embedded sensors; 

2. to evaluate the impact of sensors on mechanical properties of structures; 

3. to evaluate mechanical behaviour of 3D printed structures under static and dynamic loading; 

4. to perform economic analysis including materials, equipment, labour expenses. 

 

Hypothesis: 3D printed structures with integrated sensors can be embedded directly into 3D printed 

structures during the printing process, resulting a more efficient manufacturing process. 
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1. Overview of 3D/4D Printed Structures and Structures with Embedded Sensors 

Over the past 20 years, the internet has spurred a technological boom, making innovative technologies 

more accessible and easier to use across various industries. This has disrupted traditional 

manufacturing systems and paved the way for the emergence of Industry 4.0. Central to this 

transformation is data, with more than 2.5 quintillion bytes of data generated daily and nearly 90% 

of all the data produced in just the last two years [4]. This brings new challenges and new 

opportunities for the all industries to have more various sensors embedded in the diverse constructions 

and structures, starting by structural health monitoring in civil engineering or sensors used in 

aerospace industries where the structure health is vital element to follow during the lifecycle of the 

system. Various embedded sensors can give significant impact for the healthcare industries in order 

to keep data flow on patient condition and recovery. In medicine the 3D printed implants are already 

known ad used widely in numerous cases e.g. when bone tissue is missing or needed to be replaced. 

Sveral bone tissue replacement cases described by Korean researchers from Yonsei university [5], 

when the each patient specific skull deformity was properly accommodated by the 3D printed 

titanium implants, leaving no empty space. The surgical site recovered without any issues and 

postoperative computer tomography scans verified that the implants were positioned correctly. They 

concluded that 3D titanium implant may be the best source material for calvarial reconstruction in 

this case. The implant was produced in 2 mm thickness and achieved the same properties as human 

skull bone. Integrated sensors play a crucial role in the field of robotics by providing the necessary 

information for robots to perform tasks with greater accuracy, efficiency and safety. These sensors 

can detect various environmental factors such as temperature, humidity, pressure and light intensity, 

as well as indicate and quantify the proximity and position of objects. By incorporating this 

information into their decision making processes, robots can adapt to changing environments and 

conditions, avoid collisions and execute tasks with greater precision and accuracy. Furthermore, 

integrated sensors in robotics also enable the monitoring of robot performance and maintenance 

needs, allowing for timely repairs and reducing downtime. This ultimately leads to increased 

productivity, reduced costs and improved safety in various industries, such as manufacturing, 

healthcare and transportation. Overall, integrated sensors are essential for enhancing the capabilities 

and performance of robotics and enabling them to perform complex tasks in diverse settings. In this 

area the 4D printing is an advanced manufacturing technology that uses 3D printing to create objects 

that can transform or self-assemble over time in response to external stimuli. In other words, 4D 

printed objects have the ability to change their shape or functionality after they have been printed, 

adding an additional dimension of time to the manufacturing process. The process of 4D printing 

involves using materials that can respond to different stimuli, such as heat, light, water, or pressure, 

to activate shape-changing or self-assembling behaviour. These materials are typically designed to 

respond to specific stimuli in a controlled way, allowing them to deform, fold, or bend in specific 

ways. One of the main advantages of 4D printing is its potential to reduce manufacturing costs and 

increase efficiency by allowing objects to self-assemble or transform in response to external 

conditions. For example, 4D printed structures could be used in applications such as aerospace, 

construction, or medicine to create self-assembling structures that can adapt to changing 

environmental conditions or repair themselves when damaged. Overall, 4D printing is an exciting 

new field that is interesting for the future of manufacturing, design and engineering. While it is still 

in the early stages of development, the potential applications of this technology are vast and could 

revolutionize the way we think about creating and using objects in a wide range of industries. Strain 

sensors are commonly used in the aerospace industry to measure and monitor the strain or 
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deformation of various components and structures. These sensors can be used to detect changes in 

load or stress on critical parts, such as wings, fuselage, and engine components. The data collected 

by strain sensors is essential in ensuring the safety and reliability of aerospace systems. E.g. strain 

sensors are used to measure the load and strain on the wings of an aircraft during flight. This data is 

used to optimize the design of the wings and to detect any anomalies or damage that could affect the 

structural integrity of the aircraft. Moreover sensors can be used to monitor the deformation of engine 

components such as fan blades, turbine blades and bearings. This data is used to detect any changes 

in the mechanical properties of these components, which could lead to failure or damage. Overall, 

strain sensors are an essential component in the aerospace industry, providing critical data that is used 

to ensure the safety and reliability of aircraft and spacecraft. 

Researchers from Jiangnan university published the paper [6] where they discusses the development 

of a dual security solution for robotic grippers, which combines closed loop force control and stress 

buffering capability. Scientists design and fabricate an integrated force sensitive smart 

polydimethylsiloxane (PDMS) foam, which contains an embedded force sensitive resistor (FSR) 

using 3D printing technology, shown on Fig.1. As seen from the design provided the pressure 

sensitive layer is covered in several conductive and insulation covers. 

 

Fig. 1. Schematic design overview and working principle of FSR [6] 

Real-time force measurement is transmitted back into the control loop with proportional integral 

rectification to accurately manage the driving air pressure. The PDMS foam structure offers a 

continuous stress buffer to absorb possible impact energy. The goal of this research is to improve the 

reliability of gripping applications, particularly for fragile objects, which are challenging to handle 

using conventional grippers. The dual security gripper with smart PDMS foam, which is detailed in 

Fig.2. is capable of precisely controlling the applied force and reliably gripping fragile objects even 

in the presence of disturbances. 

 

Fig. 2. 3D model of FSR sensors installed on the gripper [6] 
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The stress buffering capability of the PDMS foam structure provides an additional layer of protection 

against potential damage caused by collisions, working principle schematics is shown in Fig.3. 

 

Fig. 3. Schematic diagram of robotic gripper enhanced with smart foam with embedded pressure sensors [6] 

The results of the experiments demonstrate that the dual security gripper with smart PDMS foam is 

effective in enhancing the reliability of gripping applications. The researchers anticipate that this 

technology could be used in a wide range of applications including industrial automation, healthcare, 

aerospace and household robotics. 

Study [7] made by Taiwanese university describes the development of an FBG-based one dimensional 

shock accelerometer using Fused Deposition Modelling (FDM) technology. The sensor consists of a 

bare fiber Bragg grating (FBG) fixed to a 3D printed elastomer structure seen in Fig.4., and the 

dimension of the sensor was simulated using finite element analysis shown in Fig.5. to explore its 

customizability. The deformation in the elastic material structure results in a change in the wavelength 

of the FBG sensor, which is used to measure acceleration. The results of the experiments demonstrate 

that the proposed FBG acceleration sensor is capable of measuring accelerations in the range of 655 

g to 2635 g with a sensitivity of 1.16 pm/g, and the linear analysis shows that the linear values of the 

data obtained in the experiments are above 96%. The proposed FBG acceleration sensor is based on 

3D printing technology, which provides several advantages such as fast manufacturing time, saving 

production costs and the ability to easily customize the size, weight and material of the structure. The 

sensor's operating frequency ranges from 200 to 3000 Hz, making it suitable for a wide range of 

applications. 

 

 

Fig. 4. The completed 3D printed sensor structure [7] 

Additionally, the FBG accelerometer and the accelerometer signal acquired from the piezoelectric 

accelerometer data comparison reveal good agreement in the pulse amplitudes with pulse durations 

of just around 100 s each time the acceleration occurs. 
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Fig. 5. Finite element method study made in ANSYS [7] 

Overall, this study demonstrates the potential of using 3D printing technology to fabricate FBG based 

acceleration sensors with excellent performance characteristics, which can be customized to meet 

specific application requirements. 

In the study [8] presented in International Journal of Advanced Manufacturing Technology the design 

and manufacturing of 3D printed robot gripper finger is presented, the design is shown in Fig. 6. The 

ability to build structures with embedded actuators and sensors is a key challenge in the additive 

manufacturing (AM) field. By fulfilling this need, AM technologies would advance to a new level in 

the development of assembly-free smart products, resulting in a reduction in human assembly duties 

and product costs. The primary innovation in this study is the one shot manufacturing of a soft finger 

made in 3D printing that has two separate sensors inserted inside it as well as a shape memory alloy 

(SMA) actuator. 

 

Fig. 6. Manufactured robot finger [8] 

The embedded sensor devices allow 3D printed objects created using the suggested method to be 

instantly activated after being removed from the build plate and to provide real-time feedback. A 

specially created Cartesian pick and place machine (CPPR) was used to incorporate the SMA spring 

actuator into the 3D printed robotic finger during the fabrication processes. The inactive components 

and detecting units of the proposed bioinspired robotic finger were made using three distinct 

substances from two nozzles. The direct integration of SMA actuators during the 3D printing process 

is another innovative aspect of the current research. Extrusion of the low melting thermoplastic 

polycaprolactone (PCL) prevented the activation of the SMA during production since its printing 

temperature of 70 °C is lower than the austenitic start temperature for SMA. The two integrated 3D 
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printed sensors allow the suggested finger to be immediately activated after being removed from the 

3D printer, delivering real-time input for further needs. 

 

Fig. 7. Strain sensor position in the robotic finger [8] 

The sensors were manufactured using a conductive thermoplastic polyurethane (CTPU) called 

NinjaTek seen in Fig.7., which was chosen to address severe bending that would break conductive 

polylactic acid (CPLA). However, one of the challenges related to the fabrication of resistive sensors 

through Fused Filament Fabrication (FFF) is the high electrical resistance (low conductivity) due to 

the polymeric matrix being doped with conductive fillers like carbon black or carbon nanotubes. 

Discovering a connection between the FFF procedure parameters and the rise in conductivity is 

crucial for lowering electrical resistance. According to some study, the final electricity resistance in 

3D manufactured strain gauges can be affected by layer height and manufacturing orientation. Two 

more process variables were looked at in this case study to see how they affected the end result 

electrical resistance of the a three-dimensional manufactured prototypes. 

In the research conducted by scientists from the Toronto university [9], the Fiber Braggs Grating 

(FBG) [10] sensors, were implemented in the structure using additive manufacturing methods. 

Tensile fatigue testing of both regular Acrylonitrile Butadiene Styrene (ABS) specimens and ABS 

specimens with FBG sensors was used to accomplish this. The sample production steps shown in Fig 

8. As seen from the picture, first step was to make half of the sample with the grove for the further 

installation of the optical fiber cable. Afterwards the cable was installed and glued in place, the 

production process is resumed and the upper layer of the structure is produced. Samples after printing 

process is seen in Fig.9. 

 

 

Fig. 8. Three steps of FBG embedding procedure [7] 

Optical fibers called Fiber Bragg Gratings (FBGs) are created specifically to reflect particular light 

wavelengths. They are made via "interference lithography," a method that normally results in periodic 
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changes in the refractive index of the fiber throughout its length. A portion of the light that enters an 

FBG is reflected back in the direction it arrived due to the periodic fluctuation in the refractive index 

acting as a diffraction grating. The distance between the periodic fluctuations in the refractive index, 

which may be accurately regulated during the manufacturing process, determines the wavelength of 

light that is reflected. 

 

 

Fig. 9. Samples produced and tested [7] 

Due to their ability to detect vibration, temperature, strain, and impact, these sensors are applicable 

in various fields such as structural, medical, and chemical applications. They are highly sensitive, 

possess good long term stability, are immune to magnetic and electromagnetic interferences, have a 

small form factor, are lightweight, and are resistant to corrosion, which contributes to their superior 

performance [11]. 

Samples designed to enclose an FBG were 3D printed using the same parameters, with the inclusion 

of a 0.1 mm hole spanning the length of the sample. The FBG was integrated either by embedding it 

during the printing process or by inserting it into the sample after printing. They figured out that the 

filament encompassing the aperture functions as a stiffening bar, enhancing the strength of the 

sample. This reinforcement is attributable to the fact that the region surrounding the FBG aperture is 

the only vertically deposited filament layer in the entire sample, and it is deposited in a denser pattern 

than the remainder of the specimen. The findings indicated that the introduction of the sensor 

influenced the fatigue life of the specimens to varying degrees at high and low load levels. The 

aperture was observed to augment the variability in the number of cycles until failure by 80-160% in 

three of the four load levels. The FBG strain measurements indicated that, despite the reusability of 

the insertion method, the findings produced were unstable and over 50 times lower than those of finite 

element simulation. The embedded FBG specimens exhibited a strain response 20-150 times greater 

than the inserted FBGs, implying that they were more effectively incorporated into the host material. 

The measurements from the FBG sensors corresponded to the results of finite element simulation of 

the test specimens subjected to tensile loading. 

In the research paper provided by Boise State University in United States, scientist were investigating 

the additively manufactured sensor idea for tracking state of components of nuclear reactors [12]. The 

need to monitor strain in challenging environmental conditions is a widespread demand for sensors 

in various fields. In the context of nuclear reactors, there is a particular interest in strain sensors for 
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measuring the deformation and vibrations of fuel elements and structural components during reactor 

power cycles. They were using aerosol jet printing to produce an interdigitated electrode which is a 

type of electrode configuration used in sensors, actuators, and other devices. It consists of multiple 

pairs of metallic fingers that are interleaved with each other, forming a comb like pattern. The fingers 

are typically made of conductive materials such as gold, platinum, or aluminium and can be fabricated 

on a substrate using microfabrication techniques. IDE are widely used in electrochemical and 

biosensing applications due to their high sensitivity, low noise, and ability to detect small changes in 

analyte concentration. The interdigitated design provides a large surface area for interactions with the 

analyte, resulting in a highly sensitive detection platform [13]. 

 

 

Fig. 10. Thin film Gold Inter Digitated Electrode produced by Micrux Technologies [13] 

The design of the interdigitated electrode which is demonstrated in Fig. 11 allows for a low profile 

capacitance based strain gauge (CSG) with several in-plane electrodes parallel to the substrate, which 

has demonstrated high strain sensitivity and low hysteresis. 

 

 

Fig. 11. Schematic of strain sensor application on the sample [12] 

The fabrication of interdigitated electrode capacitance based strain gauge involved the use of an 

aerosol jet printing technique and silver nanoparticle ink, applied onto an ASTM E21 compliant 

aluminium tensile specimen, as far as aluminium together with stainless steel and zirconium alloys 

are used in nuclear reactors as cladding material. The printed sensor on substrate shown in Fig.12. 

Before printing, the surface of the aluminium tensile specimen was cleaned by grinding to remove 

surface oxidations, followed by a degreasing rinse with acetone and a final rinse with deionized water. 

Then, a 25 µm thick high temperature polyimide tape, backed with a pressure sensitive silicone-based 

adhesive, was manually attached to the gauge length of the specimen. To ensure a uniform and 

consistent starting surface energy for the printed interface, the surface of the polyimide tape was 
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treated with O2 plasma for 1 minute at 100 watts. While preparing for the research, it was discovered 

that ceramics are capable of providing effective electrical insulation and stability at high 

temperatures, but they do not facilitate efficient transfer of strain from the substrate to the top surface 

where the sensor is located. This results in a phenomenon known as strain shielding and it occurs 

when a region of a material is shielded from experiencing its full potential strain due to the presence 

of a stiffer neighbouring region. This happens because the stiffer neighbouring region carries most of 

the applied load, resulting in a reduction of the strain in the shielded region. 

 

 

Fig. 12. Stray particles between the electrodes from the aerosol jet printing process [12] 

In other words, strain shielding occurs when the load applied to a structure is predominantly carried 

by a stiff component, leaving a less stiff component to experience less strain than it would if the load 

was evenly distributed across the entire structure. This can lead to localized failure or deformation in 

the less stiff component if it is not designed to handle the strain it experiences [14]. 

The CSG showed high reproducibility and predictability of strain sensing performance; these two 

factors are important when deploying the strain gauges in field conditions and costly, time consuming 

experiments. However there were found that they are more sensitive to temperature as compared to 

the commercially available [12]. 

This paper by Chinese researchers presents an investigation into the impact of packaging on fiber 

Bragg gratings. Scientists propose a packaging technology based on 3D printing and verify its 

feasibility through experimentation. The study examines the effects of the packaging scheme and 

structure on the sensing characteristics of the FBG, particularly with regards to temperature. The 

researchers also experimentally analysed the sensing properties and stability of the 3D printed 

packaged FBG. Results indicate that the FBG can be properly safeguarded and its outstanding 

stability is guaranteed by its three-dimensional printed packaging development. [15]. Schematic 

diagram of production shown in Fig. 13. 

 

Fig. 13. Schematic diagram of 3D printing-based FBG package [15] 
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To examine the strain characteristics of the FBG packaged using 3D printing, the strain response is 

investigated through experimental methods. To carry out the measurements, the packaged FBG is 

mounted on a 60 mm long cantilever beam fixed onto a platform. The unloaded portion of the 

cantilever frame is then exposed to displacement using a displacement platform, which alters the 

strain being applied to the enclosed FBG. Since the displacement is directly proportional to the strain, 

it is used as a representation of the strain evolution. When the strain applied to the cantilever beam is 

transferred to the FBG, the packaging structure's geometry changes, leading to a variation in the 

grating period. This, in turn, causes a shift in the central wavelength, which can be measured to 

calculate the strain in the FBG. Produced and assembled sensor is displayed in Fig. 14. 

 

 

Fig. 14. Produced sensor [15] 

The temperature response of the FBG packaged using 3D printing showed variability within different 

temperature ranges. Gradual decrease in reflection is observed as temperature increases, especially 

beyond 54 °C. This phenomenon is linked to the thermal deformation of PLA, and the experimental 

results are consistent with the thermal deformation temperature of PLA, which is approximately 55 

°C. Since stability is a critical performance factor, the stability of the 3D printing packaged FBG was 

investigated, and the results demonstrated that the central wavelength fluctuation is less than 6 pm 

over a 1 hour period. The measurement error caused by the central wavelength fluctuation is lower 

than 0,01425 mm and 0,3 °C for displacement and temperature measurement, respectively. The 

experimental results confirm that this packaging scheme can effectively ensure FBG stability, 

provided that the sensing characteristics of FBG are maintained. 

 

1.1. Overview Summary 

In summary it can be stated the in the industry and also in the researches field there a numerous of 

innovative concepts and new directions for the proof of concept studies running. Several directions 

of the researches are seen, including the FPGA technology when the wire is embedded in the 3D 

printed structure during the printing and provides the data even during the printing process. Based on 

the 3D knowhow and data, the new type of the sensors, so called, the 4D printed sensors are developed 

and analysed. This will give additional functionalities and adjustments for the sensors based on 

environmental conditions, e.g. the temperature, humidity, etc. Having this in mind, the self-adjustable 

sensors can be produced, and the need of compensation mechanisms can be eliminated in the system, 

reducing the cost. 
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2. Methodology 

In order to select the right material for the application or the structure the several mechanical 

properties must be revised. Physical features are required to comprehend and assess the actions of 

materials, especially plastics, under applied pressures or loads. The following are some of the 

explanations as to why technical characteristics are important: 

Plastic strength is defined as its capacity to endure applied forces without distortion or failure. Tensile 

endurance, compressive force, and flexural toughness are all included. 

 

Elasticity - a plastic's ability to revert to its initial form after being deformed by an applied force. It 

is quantified by metrics like modulus of elasticity and Young's modulus. 

 

Hardness - plastic's resistance to permanent denting or scratching. The Rockwell or Shore hardness 

scales are commonly used to measure it. 

Toughness - plastic's capacity to absorb power before fracture. It denotes the resistance of the material 

to impact or abrupt loads. 

 

Ductility: how much a plastic can undergo stretched or prolonged before splitting. Ductile polymers 

may be deformed extensively without shattering. 

 

Brittleness: A plastic's tendency to fracture without important deformation when pressured. Brittle 

polymers breakdown with barely any deformation of the material. 

 

Plastic's capacity to withstand progressive distortion under steady stress over time – creep resistance. 

It is critical for materials that will be subjected to prolonged stress. 

 

Fatigue resistance - plastic's resistance to breaking down under periodic or recurring stress. Fatigue 

characteristics are essential for materials that are subjected to dynamic or variable stresses. 

 

Friction and wear resistance - plastic's capacity to endure moving or brushing with another layer 

without damage or wear. 

 

The mechanical properties of plastics exhibit significant variations depending on the specific type of 

plastic, its chemical composition, and the inclusion of reinforcing additives or elements that can 

influence electrical resistance. Based on this information in conclusion, it is important to have strain 

measurements which are critical in plastics for evaluating flexibility, yield behaviour, ductility, failure 

analysis, process optimization, and material characterisation. They give vital insights on the 

mechanical characteristics of plastics, allowing make educated choice of materials, design, and 

processing decisions to assure longevity, reliability, and safety in a variety of applications. 

Hence, a thorough comprehension and establishment of strain measurement principles in 3D printed 

structures are crucial prerequisites for conducting the study. Moreover, when opting to utilize strain 

gauges as the primary data source, comprehending the operational principles of strain and establishing 

the measurement data system and logging device become imperative. With these parameters defined, 

the manufacturing process can be formulated leveraging 3D printing technologies. 
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2.1. Definition of the Strain 

Strain in materials refers to the deformation or change in shape or size of a material due to the 

application of an external force or stress. Strain is calculated by measuring the change in length or 

dimension of a material divided by its original length or dimension [16]. This ratio is typically 

represented as a decimal or percentage and is expressed as: 

𝜀 =
∆𝐿

𝐿
 , ( 1 ) 

where: 𝜀 is the strain value, dimensionless or expressed in 𝑚𝑚/𝑚𝑚, in some cases it can be expressed 

in macrostrain 𝜇𝜀, which is 𝜀 × 10−6. Overall length 𝐿 in 𝑚𝑚 and ∆𝐿 change in length 𝑚𝑚. Visual 

representation of the strain in shown in Fig. 15. 

 

. .

.

 

Fig. 15. Definition of the strain 

When a uniaxial force is applied to a bar, Poisson Strain occurs, causing the girth of the bar seen in 

Fig. 15., 𝐷, to contract in the transverse direction. The degree of transverse contraction is a material 

property and is represented by Poisson's Ratio. Poisson's Ratio 𝜐 is the negative ratio of strain in the 

transverse direction (perpendicular to the force) to the strain in the axial direction (parallel to the 

force), expressed as [16]: 

𝜐 =
−𝜀𝑇

𝜀
 , ( 2 ) 

Strain is an important parameter in materials science and engineering as it helps to determine a 

material's mechanical properties and behaviour under different types of loads and stresses. For steel, 

the Poisson's Ratio ranges from 0,25 to 0,3. 

 

2.2. Strain Gauge measurement 

A strain gauge measurement is a technique used to quantify the strain (deformation) of an object or 

material under applied force or load. It involves attaching a strain gauge, which is a device that 

changes its electrical resistance in response to applied strain, to the surface of the object. The strain 

gauge converts the strain into a measurable change in resistance, which can be used to determine the 

level of deformation. By measuring this change in resistance, the strain gauge measurement can 

provide information about the strength, durability, and mechanical behaviour of the object or material 

under stress [17]. The technique is commonly used in various fields, including engineering, materials 

science, and structural mechanics. 

The measurement equipment used in strain gauge measurements typically includes a Wheatstone 

bridge circuit, it has an electrical stimulation voltage given across the bridge plus four resistance 

arms. The bridge is connected to a data acquisition system that measures the change in resistance of 

the strain gauge and provides an output voltage or current proportional to the applied strain. The data 

∆ 𝐿 𝐿 

𝐷 

𝐹𝑜𝑟𝑐𝑒 𝐹𝑜𝑟𝑐𝑒 
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acquisition system can be connected to a computer or other digital device for data processing, 

analysis, and storage. Additionally, the equipment may include a signal conditioner or amplifier to 

amplify the low level signal from the Wheatstone bridge and a temperature compensation unit to 

account for temperature effects on the strain gauge measurements. Other equipment that may be used 

in conjunction with strain gauge measurements includes load cells, extensometers, and other 

transducers used to apply force or load to the specimen or structure under test. Strain measurement 

usually involve quantities smaller than a few milli strain (𝜀 × 10−3). In order to quantify strain 

properly, extremely precise changes in resistance must be accurately recorded. With the strain sensors 

already selected, one step in defining the strain measurement system is to calculate the expected 

voltage using the provided formula [17]: 

𝑉𝑜𝑢𝑡 = 𝑉𝑖𝑛 × (
𝑅𝑥

𝑅3 + 𝑅𝑥
−

𝑅2

𝑅1 + 𝑅2
), ( 3 ) 

where: 𝑉𝑖𝑛 is the input voltage to the Wheatstone bridge, in volts (𝑉); 𝑅1,2,3 – resistor values, 

expressed in ohms (Ω); 𝑅𝑥 – strain gauge resistance expressed in ohms (Ω); 𝑉𝑜𝑢𝑡- voltage value after 

the Wheatstone bridge. Having the assumption that the 𝑅1,2,3 and the 𝑅𝑥 values are the same, the 

circuit is becoming perfectly balanced, and the output voltage is equal [17]: 

𝑉𝑜𝑢𝑡 = 0, ( 4 ) 

This situation shows us that the system is working in right way and all values for the resistors are the 

same. The equilibrium state of the circuit is established by the resistance ratios specified in the 

following equation [17]: 

𝑅1

𝑅3
=

𝑅2

𝑅𝑥
, ( 5 ) 

where 𝑅1,2,3 – resistor values, expressed in ohms (Ω); 𝑅𝑥 – strain gauge resistance expressed in ohms 

(Ω). 

A slight alteration in resistance 𝑅𝑥 can render the bridge circuit unbalanced, resulting in a polarity-

dependent non zero voltage at 𝑉𝑜𝑢𝑡. Achieving high precision detection of even minute changes 

requires the use of a differential amplifier to extract the differential signal across the 𝑉𝑜𝑢𝑡 terminals 

and eliminate common mode noise. In a similar manner, to determine the value of 𝑅𝑥 based on the 

output voltage 𝑉𝑜𝑢𝑡, the use of Kirchhoff's Current Law (KCL) and Voltage Law (KVL) results in to 

the following equation [17]: 

𝑅𝑥 = (
𝑅2×𝑅3+𝑅3 × (𝑅1+𝑅2) × 

𝑉𝑜𝑢𝑡
𝑉𝑖𝑛

𝑅1−(𝑅1+𝑅2) × 
𝑉𝑜𝑢𝑡
𝑉𝑖𝑛

), ( 6 ) 

By applying this information, we can easy define the changes in resistance of the strain gauge and 

calculate the ratio of strain Δ𝑅 comparing to the original one: 

Δ𝑅

𝑅𝑥
= 𝑘 ×  𝜀, ( 7 ) 

where: 𝑘 – the k-factor of strain gauge, 𝜀 – is the strain and 𝑅𝑥 – strain gauge resistance. 

By applying the know values which were listed in data sheet and also the measured values, we can 

define the strain of the strain sensor and eventually overall system [18]: 
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𝜀 =
4

𝑘
 ×  

𝑉𝑜𝑢𝑡

𝑉𝑖𝑛
−  𝜀𝑠, ( 8 ) 

where: 𝑘 – the k-factor of strain gauge, 𝜀𝑠 – is the apparent strain. Apparent strain is defined as the 

alteration in the resistance of the strain gauge that is not attributed to the strain applied to the force 

element. It occurs due to the combined effect of the thermal coefficient of the strain gauge and the 

mismatch in the expansion rate between the strain gauge and the specimen being tested [19]. 

 

2.3. Definition of Structure Geometrical Parameters 

For the purposes of the research, multiple samples were specifically designed and manufactured. The 

samples were intended for tension testing on a specialized equipment, and additional samples were 

planned for the application of strain gauges on their surface and incorporation within the structure's 

core layers. Table 1 provides a comprehensive list of the designated samples along with their specific 

intended purposes. 

Table 1. Specimens planned to produce and test 

No. Specimen name: Quanti

ty, pcs. 

Purpose: 

1 First sample. 1 Introduction to the 3D printing equipment 

2 Second sample. 1 Crack visual inspection under the microscope 

3 Third sample (with dummy insert). 1 Divided in half and section used for visual 

inspection under the microscope 

4 Shape according ISO 527-2:2012. 5 Used for the data gathering in testing machine. 

5 Shape according ISO 527-2:2012 (with 

dummy insert). 

5 
Used for the data gathering in testing machine. 

6 Sixth sample with strain gauge mounted on 

top. 

1 Used for the data acquisition system design and 

tunning. Strain gauge failed. 

7 Sample with embedded strain gauge 

(green). 

1 
Used for data gathering during testing phase. 

8 Sample with embedded strain gauge (grey). 1 Used for data gathering during testing phase. 

 

In essence there were two shapes for the samples planed: according the ISO 527-2:2012 and the shape 

in dimensions 150x15x3mm, both of them shown in Fig. 16-17. 

 

 
Fig. 16. 3D view of initial specimen design 

according ISO 527-2:2012 standard. 

 

 

Fig. 17. 3D view of initial specimen design. 

The shape and other geometrical properties for the specimens were taken from standard paper and 

presented in the Table 2 . In the Fig.16. the 3D model of the sample design is shown with the nominal 



28 

length of the specimen is 150mm, the width in the widest area is 20mm and in the narrowest part is 

10mm. The thickness of the sample is 4mm. The requirements for the shape of the specimen is shown 

in Fig. 18., and given in mm. 

 

 

Fig. 18. Geometrical parameters for sample [20] 

 

Fig. 19. Prusa Slicer software interface window 

Table 2. Dimensions of the specimens according ISO 527-2:2012 [20] 

 Specimen type 1B 

l3 Overall length ≥150 

l1 Length on narrow parallel side portion 60,0 ± 0,5 

r Radius 60 ± 0,5 

l2 Distance between broad parallel sided portions 108 ± 1,6 

b2 Width at ends 20,0 ± 0,2 

b1 Width at narrow portion 10,0 ± 0,2 

h Preferred thickness 4,0 ± 0,2 

L0 Gauge length 50,0 ± 0,5 

L Initial distance between grips 115 ± 1 

 

When it comes to the second shape sample the decision was made to use similar dimensions, listed 

in Table 3., and given in mm. 

Table 3. Dimensions of the specimen 

 Specimen type Special shape 

L Overall length ≥150 

B Width at narrow portion 10,0 ± 0,2 

H Preferred thickness 4,0 ± 0,2 

 

For the 3D model data preparation for the 3D printer the Prusa Slicer 2.3.3 software was used to 

define the parameters for the print and generate the G-code. Interface window is shown in the Fig. 

19. In this research, SolidWorks 3D modelling system was the tool of choice for developing the 3D 

models of the samples. The software's built in tools allowed to create a material library entry with 

Prusa PLA material properties and calculate the samples weight. The numerical calculated weight is 

listed in the Table 4. PLA material properties seen appendix No.4. and printer data – appendix.No.6. 

Table 4. Sample weight after numerical calculation 

Sample name Weight, grams 

1B 10,30 

Special shape 8,37 
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2.4. Definition of Structure Testing Procedure and Equipment 

In order to test the samples built and gather data on samples response to load and system excitation 

the dedicated testing bench is designed and control units defined. The control scheme is shown in the 

Fig. 20., as it seen from the picture the main components are: signal generator for the load profile 

signal generation which is amplified in the signal amplifier in order to activate the electromagnet in 

the test bench. Electromagnet in the test bench is forcing the neodymium magnet mounted on top of 

the specimen to react and the specimen is loaded according the signal generated. The system response 

data is monitored and collected using data acquisition system for further analysis. 

 

Signal generator Signal amplifier

Test bench (electromagnet)

Specimen Data aquisition

 

Fig. 20. Control scheme of the test bench control and data acquisition 

The schematics of test bench used for the data gathering is shown in Fig.21., the main components 

are: 1 – bolted connection to the main tapered holder; 2 – the upper U shape profile to fix the specimen 

in place, 3 - – the lower L shape profile to fix the specimen in place; 4- main pillars to support the 

specimens holder; 5 – neodymium magnet glued on top with adhesive tape; 6 – specimen; 7- KK-

P40/20 electromagnet; 8 – main base plate. 

 

 

 

Fig. 21. Scheme of the test bench used for the tests 

Distance between the fixture and the electro magnet is approx. 130mm, giving enough space to 

activate and facilitate neodymium magnet together with the specimen therefore creating the pendulum 

bending load on the sample. 

 

The following equipment is dedicated to use for the testing bench: 

• Rigol DG1032 signal generator, shown in Fig. 22; 

• VEB Metra LV102.1 signal amplifier, shown in Fig. 23; 

5 

7 
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1 
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• Mechanical structure acting as main support frame of test bench with integrated KK-P40/20 

electromagnet, shown in Fig. 24; and technical data in Appendix No.4.  

• Data acquisition system based on Arduino Uno R3 board, shown in Fig. 25; 

 

 

Fig. 22. Rigol DG1032 signal generator 

 

Fig. 23. LV102.1 signal amplifier 

 

 

Fig. 24. Test bench assembled 

 

Fig. 25. Data acquisition system 

2.5. Impact Test (Bump Test) 

To enhance the understanding of the structural behaviour in response to excitation, multiple impact 

tests were devised, including the bump test. This test involves a deliberate impact, which generates a 

wide frequency range of structural responses. Its purpose is to analyse the strain sensor response on 

the structure and gather insights into its characteristics and behaviour under dynamic loading 

conditions. During the test, the specimen mounted on a test bench, which is designed to replicate the 

specific type of impact or bump that the product is likely to encounter. The fixture may include 

features such as drop plates, pendulums, or other devices that can generate impacts with different 

magnitudes and directions. The purpose of the test is to simulate scenarios in which it may be 

subjected to mechanical shocks or impacts during use. The test results used to evaluate the structure 

ability to withstand mechanical shocks and impacts, as well as to identify any design issues. The 

impact test will be done using the test bench dedicated for the research. 

 

2.6. Testing Equipment Selected 

After producing two batches of samples, one of which was left blank without any additional inserts, 

and the other containing strain gauge imitating dummies made of Kapton tape, all samples were 
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uniformly prepared for testing using the same equipment. This was done to ensure consistency and 

accuracy of results. For the material testing the H25KT is a testing machine produced by Tinius Olsen 

[21], a leading manufacturer of materials testing equipment was used. Machine is shown in Fig.26. 

This apparatus is made to carry out a variety of tests, such as tensile, compression, flexure, and peel 

tests, among others. The H25KT features a dual column design for increased stability and precision, 

and can handle specimens with a maximum load capacity of 25 kN.  

 

 

Fig. 26. Tinius Olsen H25KT testing machine 

The machine is equipped with a digital controller and software, interface is seen in Fig.27, for easy 

and precise control of test parameters and data acquisition. It also has a variety of safety features, 

such as emergency stop buttons and overload protection, to ensure safe and reliable operation. 

 

Fig. 27. Tinius Olsen H25KT control interface 

 

Fig. 28. VEM 300 series tensiometer [22] 

For the extension of the samples in the testing machine, the Tinius Olsen VEM 300 SERIES video 

extensometer was used. This is a precision testing machine designed to measure the tensile properties 

of materials. This machine is widely used in materials testing laboratories, research and development 

facilities, and manufacturing settings to evaluate the mechanical properties of a wide range of 

materials, including metals, plastics, composites, and textiles [22]. The extensometer is built from 
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standard technology building blocks, comprising an imaging device and optic, illumination, 

attachment choices for the machine frame, and data exchange possibilities. Most Tinius Olsen testing 

equipment structures, such as just one, twin, and four-column machines, are compatible with the 

VEM 300 series.. The image of the optical extensometer is shown in Fig.28. 

 

2.7. Data Acquisition System Design  

In order to gather the data during the tests the data acquisition system (DAQ) is needed. Data 

acquisition refers to the process of collecting and gathering information or measurements from 

various sources or sensors. In scientific experiments, data acquisition involves using specialized 

equipment to collect data related to the experiment's parameters or variables. This data can be in the 

form of electrical signals, digital values, or other measurable quantities. The collected data is then 

typically processed, analysed, and interpreted to draw meaningful conclusions and insights about the 

experiment or phenomenon being studied. The data acquisition process is crucial in ensuring accurate 

and reliable experimental results [23]. 

Due the fact that the high precision and speed system with multi-channel data acquisition has limited 

access, there were decision made to develop the system in frame of research. For this purpose the low 

cost solution on the Arduino [24] mini-computer base was designed. General view of the system is 

shown in the Fig.29. 

 

Fig. 29. Arduino Uno R3 board [24] 

 

Fig. 30. HX711 load cell amplifier [25] 

In order to convert the analog signal to digital one and push to the Arduino system for further 

calculation and processing the one channel load cell amplifier HX711 [25] was selected. Load cell 

shown in the Fig.30.  

In order to have the temperature compensation during the testing phase on the strain gauge, the 

Wheatstone bridge was used. The Wheatstone bridge is a circuit used to measure an unknown 

electrical resistance by balancing two legs of a circuit that contain known resistances and a variable 

resistance. The bridge consists of four resistive legs, with a voltage source applied across one pair of 

diagonally opposite points and a null detector connected between the other two points. When the 

variable resistance is adjusted so that no current flows through the null detector, the ratio of the known 

resistances is equal to the ratio of the unknown resistance to the variable resistance. This allows the 

unknown resistance to be calculated based on the known resistances and the voltage applied across 

the circuit. The Wheatstone bridge is commonly used in electrical and electronic measurements, such 

as in strain gauge measurements, temperature sensing, and in the calibration of instruments [26]. The 

circuit diagram shown in the Fig.31. Explanation of the components used is made in Table 5. 
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Vin

Vout  

Fig. 31. Wheatstone bridge circuit diagram 

 

Fig. 32. Soldering of the Wheatstone bridge 

Based on the selected strain gauge resistance, which is 350Ω with a tolerance of ±0.3%, the remaining 

3 resistors were selected and obtained. The 350Ω metal film resistors were selected with a tolerance 

of ±0.1%, produced by Vishay PTF56350, data sheep presented in appendix No.7. 

Table 5. Wheatstone bridge components values 

Parameter Value 

Vin 5 V 

Vout 0 V (theoretical, when balanced) 

R1 350Ω 

R2 350Ω 

R2 350Ω 

RX (strain gauge) 350Ω 

 

Assembly of the system is seen in the Fig. 33., the resistors were soldered and necessary connections 

were made by the isolated AWG30 copper wire. 

After the preparation of the main components and soldering all parts and wires, the system was 

connected and tested. The power supply for the amplifier is managed by Arduino board which is 

connected to the laptop’s USB port. Main schematics is shown in the Fig.33. Software code is 

presented in Appendix No.3. 

 

Vin

Vout

HX711 ARDUINO UNO R3

5V
GND

CLOCK
DATA

 

Fig. 33. Data acquisition system design 
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Assembled system is shown in the Fig. 34. In order to control the measurement data acquisition the 

control code for the Arduino board was developed and tested. For the development, testing and bug 

fixing the Arduino IDE version 2.1.0 was used. 

 

 

Fig. 34. Assembled system with the sample with 

embedded gauge 

 

Fig. 35. Microsoft Office Excel Data Streamer 

Add-on 

In order to log all the data obtained during the tests the Excel add in Data Streamer was used, the 

interface window is shown in the Fig. 35. 

 

2.8. Production of Samples with Embedded Strain Sensor for Further Test 

Following the successful integration of strain gauge sensors into the polylactic acid (PLA) structure 

using a 3D printer and data acquisition system verification, two design samples were subsequently 

fabricated. In order to have an ability to compare the data obtained, the two different designs were 

chosen. In the first design, the strain gauge is mounted on top of the structure and in the second one 

the sensor is embedded in the middle of the structure, near the geometrical centerline.  

 

Second sample

First sample

 

Fig. 36. Schematical section view of structure 

The schematics were shown in the Fig.36. where the section view along longitudinal axis is shown 

and the manufactured samples seen in the Fig.37. 

 

 

Fig. 37. Manufactured samples with connecting wires 

The specimens were subjected to a visual inspection, followed by a verification of their geometric 

dimensions. Upon confirming their dimensional accuracy, the subsequent steps involved the adhesion 
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of wire connection plates through the application of an appropriate adhesive and the subsequent 

soldering of the wiring. 

To obtain reliable and accurate data, the strain gauge resistance values were collected using the 

PeakTech True RMS bench-type multi-meter 4075, which was calibrated prior to the measurements. 

The measurements were repeated three times, with a three-minute interval between each 

measurement, to ensure consistency. The resulting averaged data, as shown in Table 9. 

Table 6. Resistance measurement results 

Name Resistance, Ω 

Sample No.1 (Grey) 350,88 

Sample No.2 (Green) 348,87 

 

2.9. Testing of Samples for Young modulus 

The Young's modulus, sometimes referred to as the tensile modulus, is a metric for a material's 

stiffness while it is under tension. It is expressed in units of force per unit area and is defined as the 

relationship between the tensile stress placed on a material and the strain (usually N/m² or Pa).  

The determination of the tensile modulus typically involves a tensile test, which is a common 

mechanical test used to determine the strength and deformation properties of a material. The test 

involves applying an axial force to a specimen of a specific geometry and measuring the resulting 

deformation or strain. The linear section of the stress-strain curve, which represents the region of 

elastic deformation of the material, has a slope, and this slope is used to compute the tensile modulus 

[19]. 

E =
σ

ϵ
=

F/A

ΔL /L
, ( 9 ) 

where: E is the Young’s modulus (modulus of elasticity); F – force applied (N); σ – stress (Pa); A – 

cross section area (mm2); ϵ – strain ; ΔL -change in length (mm); L – initial length (mm). 

In order to calculate the Young’s modulus we need to have stress: 

𝜎 =
𝐹

𝐴
 , ( 10 ) 

where: 𝜎 is the stress value in megapascals (MPa); F is the measured force concerned, expressed in 

newtons (N); A is the initial cross section area of sample for testing, expressed in square millimetres 

(mm2). 

Strain calculation  

𝜀 =
∆𝐿0

𝐿0
 , ( 11 ) 

where: 𝜀 is the strain value, expressed in dimensionless ratio or percentage; 𝐿0 – is the gauge length 

of test sample; ∆𝐿0 is the increase of the test sample in gauge marks expressed in millimetres (mm). 

 

2.10. Summary 

In this chapter the methodology for the selection, production and testing of the samples were 

described and analysed. Mechanical properties of the material analysed and decision made to analyse 
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the strain of the structure manufactured in the additive technology. For the strain measurement the 

HBM strain sensor with ability to operate in higher temperatures selected. In order to calculate the 

influence of the embedded sensor to the structure integrity, the dummy sensors were developed and 

produced from the polyamide film (Kapton) which is similar to the strain gauge base material, also 

the dimensions were considered. In order to compare the effect of the embedded train gauge on 

structure, the five samples with embedded parts and five samples without any additives according the 

ISO527 standard built and compared in the testing machine. Structures with embedded strain gauges 

were planed and produced. In order to successfully obtain the data for analysis, the data acquisition 

system with logging functions planed and implemented.  
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3. Project Decisions and Results 

Several experiments were planned and completed with the aim of collecting additional data and 

verifying the theoretical assumptions and calculations. The primary objective of this section was to 

define, design, and manufacture samples utilizing the additive manufacturing equipment that was 

available. After careful planning and standardization of the sample testing process, it was determined 

that samples suitable for tensile strength testing in testing machines would be produced. To ensure 

accuracy and consistency in the testing process, the shape of the samples is defined by the ISO 527-

2 [20] standard, which provides guidelines for determining the tensile properties of test samples and 

specifies the shape that they must take. The ISO 527 standard is an international standard that provides 

guidelines for determining the tensile properties of plastic materials. It outlines the test methods and 

procedures that should be used to measure the tensile strength, elongation at break, and modulus of 

elasticity of plastic materials under tensile stress. The standard specifies the shape and dimensions of 

the test specimens that should be used, as well as the testing equipment and environmental conditions 

that should be employed. The goal of this standard is to ensure that the testing process is consistent 

and repeatable, so that the results can be compared and used to evaluate the properties of different 

plastic materials. By following these standardized procedures, manufacturers and researchers can 

make informed decisions about the suitability of plastic materials for various applications and ensure 

that they are meeting the necessary quality standards. By following this standard, the samples were 

able to be produced in a precise and uniform manner, which helped to minimize any potential 

variations or discrepancies in the results. Overall, adherence to established standards and procedures 

is essential for ensuring the validity and reliability of scientific testing and research.  

 

3.1. Testing Samples Design and Production 

In mechanical engineering, a sample [27] refers to a small piece or specimen of a material that is used 

to test its mechanical properties, such as strength, hardness, elasticity, and ductility. These properties 

are important for understanding how a material will perform under stress, and can be used to evaluate 

its suitability for various engineering applications. Samples can be obtained by cutting or machining 

a small piece from a larger material, or by casting or forming a sample in a specific shape. Once a 

sample has been obtained, it is typically subjected to various mechanical tests, such as tension, 

compression, bending, or torsion, in order to measure its mechanical behaviour under different types 

of stress. The results of these tests can provide valuable information about the material's strength and 

durability, and can be used to optimize the design of structures and components made from that 

material. In this research the specimens built in additive manufacturing process by adding material 

layer by layer using Fussed Deposition Modelling process.  

 

The specimens were produced using Prusa PLA (Polylactic acid) filament [28], which is known for 

its low melting point of around 175 ° Celsius. Data sheet presented in appendix No. 4.This 

thermoplastic material can be melted and reshaped several times without significant loss of quality. 

However, it should be noted that PLA is a hard, but brittle material that tends to shatter when it breaks, 

which is unlike thermoset materials that cannot be re-melted once they have set. Also not capable of 

withstanding high temperatures, becoming soft and deforming at temperatures above 60 °C. 

Additionally, it is susceptible to degradation when exposed to UV light and has inferior mechanical 

strength, tending to break along the layers or into shards upon impact. Furthermore, the adhesion 

between layers is weaker compared to other materials. 
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Fig. 38. 3D view of initial specimen design. 

 

Fig. 39. Weighing of the samples. 

Table 7. Dimensions of the specimens according ISO 527-2:2012 [20] 

 Specimen type 1B 

l3 Overall length ≥150 

l1 Length on narrow parallel side portion 60,0 ± 0,5 

r Radius 60 ± 0,5 

l2 Distance between broad parallel sided portions 108 ± 1,6 

b2 Width at ends 20,0 ± 0,2 

b1 Width at narrow portion 10,0 ± 0,2 

h Preferred thickness 4,0 ± 0,2 

L0 Gauge length 50,0 ± 0,5 

L Initial distance between grips 115 ± 1 

 

For the production of the samples the Original Prusa i3 MK3S+ 3D printer [29] with the production 

area of 250mm in height, 210mm in 210mm in depth was used.  

 

The weighing of the samples is shown in Table 8. The weighing of the samples was done using the 

specially obtained precision scales JS13 produced by Bow, with the measurement range 0-500 g and 

measurement accuracy up to 0.01 g. as seen in Fig. 39. 

Table 8. Initial sample batch masses 

Sample number Mass, g. 

1 9,86 

2 9,84 

3 9,86 

4 9,90 

5 9,89 

6 9,92 

7 9,93 

8 9,94 

9 9,93 

10 9,94 

 

After the samples design was defined as seen in Fig.38 and calculation were made the batch of 5 

pieces were produced according the standard requirements. 
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The batch of 5 pieces were produced in one time using the same manufacturing machine with same 

production settings and same material and can be seen in Fig.40. The 3D printer settings shown in 

the Table 3. 

 

Fig. 40. Original Prusa i3 MK3S+ 3D printer producing samples 

Table 9. 3D printer settings 

Setting Value 

Nozzle temperature, Co 215 

Print bead temperature, Co 60 

Infill, %. 100 

Layer thickness, mm. 0,2 

Printing time, min. 192 

 

After the production the visual inspection of the samples it was confirmed that samples are suitable 

for next stage of testing. 

 

3.2. Strain Gauge Selection 

After considering temperature resistibility as the primary selection criteria for the strain measuring 

sensor, there were explored several types of gauges. Technical parameters, availability, and budget 

were evaluated before settling on the 1-LM-6/350GE strain gauge produced by HBM for further steps. 

Data sheet presented in appendix No.1. This specific strain gauge features a foil SG with a measuring 

grid made of a Cr-Ni special alloy that is 5 µm thick. The carrier is composed of glass fiber reinforced 

phenolic resin with a thickness of 35 µm, which may deviate by 10 µm. The covering agent is a 

polyamide foil with a thickness of 65 µm, which may deviate by 15 µm. Copper beryllium tabs with 

integrated strain relief were used for the connections. The strain resistor has a nominal resistance of 

350Ω with a tolerance of ±0.3%. The strain gauge can be used in temperatures up to 250 °Celsius, 
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which is a crucial property for its application during the 3D printing process. Its gauge factor is around 

2.08 ±1.0%. Actual sensors are shown in Fig. 41. Control measurement is seen in Fig. 42. 

 

 

Fig. 41. 1-LM-6/350GE strain gauges 

 

 

Fig. 42. Thickness measurement of strain gauge 

 

3.3. Testing Samples with Embedded Sensors Design and Production 

As a next step it was planned to build batch of samples with integrated strain gauges and test the 

influence of the strain gauge on the structure of the testing sample. As far as it was no need for the 

strain gauges to provide data, it was decision made to embed the mock-up of the strain gauge. As the 

material for the strain gauge the Kapton tape produced by Pro Power [30] was used, the pictured in 

the Fig. 43. The tape technical data is shown in Table 4. After the measurement of the strain gauge 

seen in Fig. 42, the decision was made to use two layers of the Kapton tape in order to have same 

layer thickness. The main parameter for the Kapton tape is that it withstands temperature up to 280 ° 

Celsius. 

Table 10. Technical data of Kapton tape 

No. Item Specification Unit 

1 Film Thickness 0,0025 ± 0,002 mm 

2 Total Thickness 0,0055 ± 0,004 mm 

3 Adhesion 4,6 – 6,4  N 

4 Continuous strength ≥ 24 H 

5 Tensile Strength ≥ 85 N 

6 Heat Resistance 280 Celsius 

7 Length 33 m 

8 Width 3 – 500 mm 

9 Color Brown - 

 

For the preparation of the mock-up sensor made of the Kapton tape, the measurement of the strain 

gauge was made and then the part was cut out of double layer of Kapton tape. 

 

 

Fig. 43. Kapton tape 

 

Fig. 44. Samples made out of Kapton tape 
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Samples cut out of the tape displayed in Fig. 44 were used in production of 5 pieces of 3D printed 

samples. 

Table 11. Thickness of Kapton tape layers 

Layer Thickness, µm 

1 5,8 - 6 

2 11,6 - 12 

3 17,5 

 

In order to keep similar thickness to strain gauge, the 2 layers of tape was used. The thickness of the 

layers combinations is displayed in Table 5. 

After the dummies were made and ready for embedding the 3D printing process of the ISO 527 shaped 

samples out of PLA was started. The printer properties and material properties were used the same as 

producing the samples without any embedded parts.  

 

 

Fig. 45. Application of the embedded sensor 

dummy 

 

 

Fig. 46. Samples ready for resume of production 

Production process is paused in the middle of the printing process, when the sample thickness reached 

the 2 mm, and then the Kapton made inserts were applied and sticked on samples as seen in the Fig.45 

and in Fig.46. After the application and validation of position the printing process resumed and 

proceeded to the end of it. 

 

 

Fig. 47. Production of the samples after the 

dummies inserted 

 

Fig. 48. Samples right after production 
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After the production, seen in Fig. 47. the samples underwent a thorough inspection to identify any 

discrepancies and were marked accordingly for future project requirements as seen in Fig. 48. To 

keep track of which samples have been tested samples marking is needed to help ensure that there is 

no test the same sample multiple time and also to indicate important characteristics of the samples. 

The characteristics marking is seen in Fig. 49. 

 

  

Fig. 49. Samples ready for testing 

3.4. Testing of the Samples Produced 

Prior to conducting the tests using the universal testing machine, the relevant geometrical information 

of the samples is collected, recorded, and documented meticulously. For the section area calculation 

the 3 measuring points were selected for each of samples and data gathered, the averaged data is 

specified in Table 5. Sampling points were shown in Fig. 50. 

 

 

Fig. 50. Positions of measurement data gathering places 

Table 12. Geometrical data or the samples 

No. Description Section width, mm. Section height, mm. Section area, mm2 

1 - 9,97 4,03 40,16 

2 - 9,99 4,02 40,16 

3 - 9,97 3,95 39,34 

4 - 9,98 3,98 39,72 

5 - 10,02 4,01 40,21 

6 with apton insert 9,95 4,05 40,28 

7 with kapton insert 10,00 4,09 40,92 

8 with kapton insert 9,99 4,18 41,74 

9 with kapton insert 9,99 4,15 41,47 

10 with kapton insert 10,00 4,15 41,53 

 

3 2 1 
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3.4.1. Testing Samples for Youngs Modulus 

In order to compare the samples with dummy insert and without any inserts the following test was 

made to calculate the Young’s modulus. The test machine was set to the stop when the 0,3 % of the 

strain will be reached. The data show in Table No. 13. represents the modulus calculated. Calculation 

methodology is described in formulas 9-11. 

Table 13. Calculate tensile modulus 

No. Description Tensile modulus, MPa. Tensile modulus PLA, MPa. 

1 - 2,166 

2,2 

2 - 2,011 

3 - 1,969 

4 - 2,052 

5 - 2,073 

6 with kapton insert 1,883 

7 with kapton insert 1,895 

8 with kapton insert 1,812 

9 with kapton insert 1,864 

10 with kapton insert 2,057 

3.4.2. Testing Samples till the Breakdown 

In order to understand the insert effect on the structure, the samples were tested in the testing machine 

till the breakage and the force needed was registered, the first 5 samples were tested without any 

inserts. Results are shown in the Fig.51. As it seen for the data, the force needed to disrupt the sample 

is approx. 1500 N.  

 

 

Fig. 51. Samples with no insert 

 

Fig. 52. Samples with insert 

Same test were done with the second sample group in order to register force needed, the data is shown 

in the Fig.52. The force need is shown in the Table No. 14. The physical damage points are seen in 

the Fig. 53-54. 
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Fig. 53 Samples after the disintegration 

 

Fig. 54. Samples with strain gauge dummy after the 

disintegration 

During the test till the samples breakage the samples were destructed, as seen for the photo in Fig. 

56, the breakage point in most of the cases is out of the area where the insert is embedded. This gives 

an idea, that the insert does not affect the sample and crack is formed in the other area. But the applied 

force is approx. 8% lower in order to reach the point of breakage comparing to the samples without 

dummy insert. Only on sample No.3., the disintegration was detected in the area of planned strain 

gauge as seen in Fig.55. 

Table 14. Force applied 

No. Description Force, N. Average force, N. 

1 - 1500 

1542 

2 - 1476 

3 - 1648 

4 - 1560 

5 - 1526 

6 with kapton insert 1435 

1408 

7 with kapton insert 1435 

8 with kapton insert 1417 

9 with kapton insert 1366 

10 with kapton insert 1388 
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3.5. Visual Inspection of the Samples Produced 

Visual inspection is a non-destructive testing technique used to assess the physical characteristics of 

an object or material through unaided or aided visual observation. This technique can provide 

important information about the object's condition, including its shape, colour, texture, and surface 

features. Visual inspection is widely employed in numerous fields, such as engineering, 

manufacturing, and material science, and can be performed at various stages of production or in-

service use. It is a cost-effective and versatile method that can be used to identify surface defects, 

cracks, corrosion, and other abnormalities that may affect the object's performance or durability. The 

results of visual inspection can be further enhanced through the use of specialized equipment, such 

as image magnification glass, microscopes or borescopes, to facilitate a more detailed examination 

of the object's surface or internal structures [31]. To acquire further insights into the effect of 

embedded strain gauges on the mechanical behaviour of the structure, it was determined that 

employing a dummy material acting as a strain gauge was necessary. The Kapton tape was chosen as 

the ideal dummy material due to its robust mechanical properties and exceptional ability to endure 

high temperatures of up to 280°Celsius, thus ensuring accurate results. In essence, the selection of 

Kapton tape as a dummy material provides a reliable means of evaluating the influence of embedded 

strain gauges on the mechanical properties of the structure. In order to conduct visual inspection the 

samples were cut apart in the area where the dummy material was implemented. For the visual 

inspection two devices were used: Nikon Eclipse LV150 microscope with integrated photo capturing 

device and Delta Optical Discovery L stereo microscope without photo imaging capabilities.  

 

Fig. 55. Sample in the gripper; (1) gripper; (2) 

structure; (3) embedded material 

 

Fig. 56. Divided sample; (1) embedded material 

 

Figures 55-56 depict images obtained through utilization of the Delta Optical Discovery L stereo 

microscope. These images readily reveal the presence of the embedded material and allow for its 

clear differentiation even through unaided visual observation. Additionally, it is evident that the 

production process did not incur any adverse effects on the embedded material, as its initial 

dimensions and sizes were well-maintained. Notably, the initial phase of inspection did not involve 

surface grinding following the cutting process, as evidenced by the depicted figures.  

In the subsequent stage of visual examination, the Nikon Eclipse LV150 microscope was employed, 

following the prior preparation of samples by utilizing PS8A P320 sanding paper to grind the section 

surface, thereby achieving a surface of optimal smoothness. 

2 

1 

3 

1 

3mm 3mm 
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Fig. 57. Cut through sample; (1) embedded material 

shown 

 

 

Fig. 58. Cut through and grinded sample; (1) 

embedded material shown 

Figures 57-69 exhibit the observed characteristics resulting from a visual inspection of a cut-through 

specimen. Fig. 60. exhibit the PLA layers near the edge of the division, as it can be seen the cut-out 

have straight ends of the layers. 

Based on the visual evidence provided by the images, it can be concluded that the presence of the 

embedded material has not compromised the overall structural integrity of the specimen. No 

discernible gaps, cracks, or other defects are visible. 

 

 

Fig. 59. Cut through sample; (1) embedded material 

shown 

 

Fig. 60. Cut through sample, top view, the breakage 

shown. 

 

3.6. Production of Sample with Embedded Strain Sensor 

After conducting a thorough analysis of the samples and gathering relevant information, the 

subsequent step involved producing new samples with embedded strain sensors utilizing the advanced 

techniques of additive manufacturing. This was undertaken to further enhance the capabilities of the 

samples by integrating sensors that would provide real-time strain measurement data during testing 

and operation. By doing so, it was expected that the samples would demonstrate improved 

performance and reliability in a range of applications. 

In order to select a strain measuring sensor that could withstand high temperatures, various types of 

gauges were examined based on technical parameters, availability, and budget. After evaluation, the 

1-LM-6/350GE strain gauge produced by HBM was chosen for further project steps. This particular 

1 

1 

1 

20µm 
20µm 

20µm 20µm 
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strain gauge is composed of a measuring grid made of Cr-Ni special alloy with a thickness of 5 µm 

and a carrier made of glass fiber reinforced phenolic resin with a thickness of 35 µm (with a possible 

deviation of 10 µm). The covering agent is a polyamide foil with a thickness of 65 µm (with a possible 

deviation of 15 µm). Copper beryllium tabs with integrated strain relief were used for the connections. 

The nominal resistance of the strain resistor is 350Ω with a tolerance of ±0.3%. The strain gauge has 

an application temperature range of up to 250 ° Celsius, which is its main property for use in 3D 

printing processes. The gauge factor is approximately 2.08 ±1.0%. Fig. 61 shows the actual sensor 

(1) with soldered copper wires (2) selected for the project. 

 

 

Fig. 61. Stain gauge with coper wires attached. 

 

Fig. 62. 3D printer settings 

Following the successful soldering of wires to the strain gauge, the resistance measurement was 

carried out to verify the functionality of the system. Once this was confirmed, the 3D printing 

equipment was prepared for the subsequent production of the sample. The settings for the Prusa 

printer were adjusted as depicted in Figure 62, with the nozzle temperature set at 215 ° Celsius, and 

the working pad temperature set at 60 ° Celsius. 

These optimized settings were chosen to ensure the accurate and precise production of the sample 

using the 3D printing technology. Following the necessary calibration steps, the 3D printer was 

prepared. The production data was then loaded and the production process was initiated. The 

progression of the production process was visually monitored and recorded in Fig. 63.  

 

 

Fig. 63. Production in progress 

 

Fig. 64. Stain gauge glued on the PLA structure. 
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In the midst of the process, the production was temporarily halted to attach a pre-prepared strain 

gauge with soldered wires to the middle of the sample, as demonstrated in Fig. 64. This facilitated 

the placement of the measurement (2) grid in the central region of the construction. The wires were 

temporarily secured to the printing bed (3) with paper tape (1). After allowing sufficient time for the 

fast curing glue Z70 produced by company HBM, to cure and ensuring the firm attachment of the 

strain gauge, the printing process was resumed, and additional final layers of the material were printed 

on top to complete the construction. 

Subsequently, the functionality of the strain gauge was evaluated by measuring its resistance level. 

This measurement was conducted by interconnecting the sensor wires (1) with the measurement 

device wires using gripers as illustrated in Fig.65. Upon completion of the connection process, the 

resistance of the strain gauge was measured using the PeakTech True Rms bench type multi-meter 

4075 and confirmed that it is in the rage of stated by manufacturer in Fig.66. By doing this it was 

confirmed that the strain gauge is in healthy state and it can be used for further steps in research 

project.  

 

Fig. 65. Sample built with embedded strain gauge 

 

Fig. 66. Measuring resistance of strain gauge 

Once the sample has been produced and its resistance value measured in a static mode, the subsequent 

step involves monitoring the strain gauge data changes during the blending of the sample. This would 

provide crucial insights into how the sample responds to different conditions. 

To validate the accuracy of the strain gauge, a set of preliminary tests were conducted, involving the 

slight deformation of the sample's shape and the subsequent tracking of resistance changes. The 

gauge's functionality was verified by carefully considering any observed changes. This crucial step 

enabled the progression of further actions towards the completion of the experiment. 

Upon successful integration of the strain gauge into the 3D printed structure and subsequent 

confirmation of sensor health, further steps can be taken in the research and the additional samples 

for calculation can be produced. 

  

1 
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3.7. Experiment and Data Collection 

Following the confirmation of the trustworthiness of the data acquisition system and the preparation 

of samples, a test plan was devised and executed. As the first the testing equipment was selected and 

testing rig was built. The first step involved the selection of testing equipment and the construction 

of a testing rig.  

The initial phase of the experiment involved testing specimens that were affixed with strain gauge on 

their upper surface. The primary objective was to investigate the response of these specimen to 

loading and changes in load profiles. The resulting data, depicted in Fig. 67, illustrates the voltage 

response and reaction of the specimen No.1 (Grey) to increasing forces as it is bent in both directions. 

As seen from the illustration some retention is seen also. 

 

Fig. 67. Voltage change under the load change 

 

Fig. 68. Voltage change under the load change 

Fig. 68 displays the voltage fluctuation observed during an experiment performed on specimen No. 

1 (grey). The experiment involved subjecting the specimen to unidirectional bending, followed by a 

pause, release, and subsequent bending in the opposite direction, again followed by a pause and 

release, all performed under controlled conditions. 

In Fig. 69, the voltage fluctuation recorded during an experiment on specimen No.1 (grey) is 

presented. The experiment involved subjecting the specimen to unidirectional bending, with no pause 

between each direction change. As a result, a smooth transition is observed from one peak to the 

opposite peak. However the excitation of the system is not controlled. 

 

Fig. 69. Voltage change under the load change 

 

Fig. 70. Voltage due the fixed load application 
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Fig. 70 depicts the voltage variation resulting from the application of a fixed 50 grams weight load 

on the end of the specimen. The graph illustrates that the loading and unloading of the weight were 

detected, including a minor overload (l), caused by the manual placement of the weight. 

It also can be see that then the load was applied the system stabilized only before the unloading, this 

can be improved by extending the test time. 

 

Fig. 71. Voltage change due the inverted fixed load 

application 

 

Fig. 72. Voltage change due the three non-

controlled bumps applied. 

In Fig. 71, the variation resulting from the application of a fixed 50-gram weight load on the end of 

the specimen is displayed. However, the specimen was inverted in such a way that the strain gauge 

was positioned at the bottom. As it can be seen from Fig.70-71 the data obtained is inverted. Fig. 72 

depicts the response of a structure to three randomly applied bumps, with the resulting data indicating 

an immediate change in the response. 

The structure was tested on a testing bench using different excitation frequencies, with three tests 

performed at frequencies of 1Hz, 2Hz, and 3Hz. The results, shown in Fig. 73, indicate that the 

stability of the signal is acceptable, despite some shifting, which may be attributed to various factors, 

including system stability. Fig. 74 illustrates the system response when a load is applied to the end of 

a specimen that is fixed and bent at the beam's end. The response obtained is good, although the signal 

stability is not optimal.  

 

Fig. 73. Comparison between different frequencies 

 

Fig. 74.  Voltage drop due load change 

After the tests performed with the specimen No. 1 (Grey), the next step was to proceed with specimen 

No. 2 (Green) and perform the same tests. In the Fig. 75, the changes in the system responses is seen 

due the application of bending force on the end of the beam and fixing it for some time, similar pattern 
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is seen on Fig. 76., where the load is fixed 50 gram loaded on the end of the beam and left for some 

time, after that the load is removed.  

 

Fig. 75 Voltage drop due fixed load 

 

Fig. 76. Voltage change due 50 gram load 

 

The bump tests were also performed on second specimen, the Fig. 77., demonstrates the system 

response to the randomly applied bump, with the resulting data indicating an immediate change in 

the response. The structure was also tested on a testing bench using different excitation frequencies, 

with two tests performed at frequencies of 1Hz and 3Hz. The results, shown in Figure 78, indicate 

that the stability of the signal is acceptable, also it is observed, that the shifting is not that extreme in 

this case. 

 

Fig. 77. Voltage change due the non-controlled 

bump applied. 

 

Fig. 78 Comparison between different frequencies 

 

The data presented in the figures show the response of two specimens, No. 1 and No. 2, to various 

loading conditions. The tests involved applying a fixed weight load to the specimens and subjecting 

them to bending forces, with the resulting data indicating changes in the system response under these 

conditions. The stability of the signal varied, with some shifting observed due to factors such as 

system stability, etc. However, overall, the response obtained from the specimens was considered 

good, although the signal stability could be improved. These findings provide valuable insights into 

the behaviour and characteristics of the materials being tested, which could potentially inform the 

development of new materials with improved mechanical properties and contribute to the design and 

engineering of structures subjected to similar loading conditions. In the Fig. 79-80. the testing bench 

with the specimens is shown.  
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Fig. 79. Sample, No.2, under testing 

 

Fig. 80. Sample, No.1, under testing 

 

3.8. Samples Testing for Strain Measurement Data Validation 

In order to gain more data and know how about the specimens with integrated strain gauges the tests 

in the testing machine were conducted. The testing machine Tinius Olsen H25KT with VEM 300 

series tensiometer was used. The first test conducted, was tension of the specimen No. 1. (Grey) up 

to 0,3% of length, with the speed of 2mm per minute. 

 

Fig. 81. Strain measured on sample No.1. (1st) 

 

Fig. 82. Strain measured via extensometer (1st) 

 

 

Fig. 83. Strain measured on sample No.1. (2nd) 

 

Fig. 84. Strain measured via extensometer (2nd) 

In total there were three test runs conducted using the same specimen and the same testing conditions 
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embedded strain sensor is shown in the Fig. 81,83 and 85, the data delivered by extensimeter is shown 

in the Fig. 82,84 and 86. As it can be judged from data comparison, the strain data is similar and it 

can be detected discrepancies on the testing machine e.g. Fig.83-84. 

 

 

Fig. 85. Strain measured on sample No.1. (3rd) 

 

Fig. 86. Strain measured via extensometer (3rd) 

 

During the final, 3rd run on the same conditions, the strain detected by the strain gauge Fig.85 and the 

strain measured by the equipment Fig.86 is nearly the same, giving us a good indication that strain 

gauge is detecting strain in optimal way, the difference of the measurement is shown in Table No.13. 

 

 

Fig. 87. Strain measured on sample No.1. (4th) 

 

Fig. 88. Strain measured via extensometer (4th) 

 

For the same specimen is t was planned to have a test run No.4. on following conditions: strain up to 

0,5% of length, with the speed of 5mm per minute, the data shown in the Fig.87-88. As it seen for the 

data comparison in the Table No. 15, the maximal detected strain via strain gauge and detected via 

extensometer is similar and differs only about 0,017, which is optimal result. 

The second test conducted was tension of the specimen No. 2. (Green) up to 0,3% of length, with the 

speed of 2mm per minute. The strain detected via the embedded strain sensor is shown on the Fig. 89 

and Fig. 91, the data for the extensometer is seen in the Fig.90 and Fig.92. 
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Fig. 89. Strain measured on sample No.2. (1st) 

 

Fig. 90. Strain measured via extensometer (1st) 

 

From the strain measurement obtained during the test of the specimen No. 2. (Green), it can be stated 

the that the 3D printed structure with integrated strain gauge corresponds to the load conditions 

change in fast and acceptable time and detects the strain change in accurate way. This serves as a 

proof of concept and confirms that embedding of strain gauge gives advantage. 

 

Fig. 91. Strain measured on sample No.2. (2nd) 

 

Fig. 92. Strain measured via extensometer (2nd) 

Table 15. Maximal value of the strain detected 

Test run, No. Specimen 
Maximum strain detected, ε Strain 

difference Embedded strain gauge Optical extensometer 

1. No.1. Grey 0,343987 0,300900 0,043087 

2. No.1. Grey 0,345349 0,302400 0,042949 

3. No.1. Grey 0,316916 0,300500 0,016416 

4. No.1. Grey 0,484891 0,502200 0,017310 

 

1. No.2. Green 0,336094 0,307000 0,029094 

2. No.2. Green 0,345956 0,307700 0,038256 

The data obtained shows us that the both samples are active and the data can be obtained and recorded. 

As seen from the Fig.83., the specimen responds to the loading profile created by the test machine 

which is shown in Fig.84, without the pause and unloading. Based on this data it can be stated that 
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specimen with strain gauge on the top surface and with embedded strain gauge can be used for further 

research.  

 

3.9. Summary of Tests 

In summary it can be stated the that result of samples production and testing was implemented 

successfully, in order to gain more knowledge about the structure, several visual inspection loops 

were made. Important part of the research was to produce the samples with integrated dummy parts 

acting as a sensor and afterwards integrate the sensors itself during production. Based on data gained 

it can be sated that the result is positive and strain gauges can be embedded in various 3D printed 

structures. Also it is important to mention that the data acquisition part takes significant part in the 

overall test phase and it must be prepared in best way. In overall it can be stated that the testing phase 

is successful. 
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4. Cost and Benefit Analysis 

Cost benefit analysis is a method used in mechanical engineering to assess the feasibility and 

profitability of a project or investment. It involves comparing the total costs of a project or investment 

with its expected benefits, in order to determine whether it is financially viable and worthwhile. In 

mechanical engineering, the costs may include expenses related to materials, labour, equipment, 

maintenance, and other relevant factors. The benefits may include increased efficiency, reduced 

downtime, improved safety, higher production output, and other desirable outcomes. 

4.1. Strain Gauge Sensor Application and Installation Costs 

Main component for the embed strain measurement is the strain gauge, which is embedded in the 3D 

printed structure. Strain sensor was selected keeping in mind the elevated temperature impact during 

the printing process, therefore the price range is higher also. The strain sensor used for the embedding 

has price of 189,00 € for the package of 10 pieces, keeping that in mind we got the cost of 18,90 € / 

pcs. Comparing to the standard range of the strain gauges e.g. 1-LY41-3-700, which cost around the 

102,00 € per 10 pcs., giving us cost of 10,20 € / pcs. This shows us that the special strain sensor 

dedicated for the elevated temperatures increase the costs approx. by 54 %. Both strain gauges were 

produced by the company HBM and have similar precision class. 

When it comes to the installation of the strain gauge on the structure, the special type of glue, 1-Z70 

by HBM, were used in order to attach strain gauge on the surface, the package consist of 10ml glue, 

which is enough for 10 pcs. The price for the glue are 75,00 € / bottle. This gives us approx. 7,50 € 

per one strain gauge installation. Moreover the soldering pads 1-LS5 also should be considered with 

the price of 80,00 € / 125 pairs, datasheet for it presented in appendix No.2. For one strain gauge one 

pair it is needed and it gives us 0,64 € of cost. It total the costs excluding the labour cost and soldering 

material it is 37,24 €. These cost were generated in any case, because there is a need to attach the 

strain sensor to the specimen no matter will it be mounted on top of it or it will be embedded. 

 

4.2. Data Acquisition System Costs 

To obtain a comprehensive understanding of data acquisition systems, several company products 

were evaluated to gather information regarding their associated costs. 

 

 

Fig. 93. 1-MX440B QuantumX Universal 

Amplifier [32] 

 

Fig. 94. 4-Channel Compact DAQ Voltage 

Measurement Bundle [33] 

Table 16. Costs comparison for various DAQ systems 

Name Cost, €. 

1-MX440B QuantumX 5120 [32] 

4-Channel CompactDAQ 1250 [33] 
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In order to conduct a comparative analysis, two 4-channel data acquisition (DAQ) systems were 

evaluated for their suitability in measuring strain gauge data in a professional context. The first 

system, the 1-MX440B Quantum X Universal Amplifier, produced by HBM and depicted in Fig. 93, 

was compared to the second system, the 4-Channel Compact DAQ Voltage Measurement Bundle, 

produced by National Instruments and shown in Fig. 94. Both systems require a significant initial 

investment, as outlined in Table 16.  

As a cost-effective alternative to professional level DAQ systems, the Arduino Uno R3 development 

board coupled with the HX711 load cell amplifier can be utilized. The Arduino board, priced at 

approximately 28,90 € [34], and the amplifier, priced at 3,70 € [35], result in a total cost of 32,60 €, 

presenting a significant cost reduction. However, it should be noted that the HX711 load cell amplifier 

can only measure a single strain gauge, while professional-level systems can measure up to 4 

channels. Therefore, taking this into account, the total cost for the same number of channels using the 

Arduino Uno R3 development board and HX711 amplifier could increase up to 130,40 €. 

However comparing the two 4-channel DAQ systems, which cost over 1000 € each, to a cheaper 

alternative that costs approx. 150 € may highlight significant differences in performance, features, 

and data quality. However, the suitability of the cheaper alternative for a professional context would 

need to be evaluated carefully before considering it as a viable option. 

 

4.3. Labour Costs 

Labour costs in new product development from an engineering perspective refer to the expenses 

related to the creation, testing, and manufacturing of a new product. This involves the time and 

resources needed by engineers, designers, technicians, and other staff to develop and evaluate 

prototypes, refine the product design, and prepare for large-scale production. Labour costs may also 

include expenditures associated with project management, documentation, and quality control. The 

engineering labour costs represent a significant aspect of the overall budget for new product 

development and can vary depending on the intricacy of the product, the level of expertise required, 

and the geographical location of the development team. These expenses are typically closely 

monitored and managed to ensure the cost-efficient and efficient development of the product. In this 

case the direct engineering hours dedicated to 3D printed structure design, manufacturing, 

procurement and software development were presented in Table 17.  

Table 17. Working hours required 

Description: Hours, h.: 

Engineering 80 

Procurement 30 

Preparation for manufacturing 40 

Manufacturing 8 

Assembly 20 

Software development 60 

Tests on test bench 40 

Testing in tension machine 5 

 

In total, the generated amount is approximately 283 direct working hours, equivalent to approximately 

7 weeks, considering a 40 hour work week. Based on the salary level in the industry [36] we can 

resume that the hourly rate is approx. 20,00 €, giving us 5660,00 € total in labour cost for the research. 
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Based on information provided it can be concluded that the customized solution is beneficial for the 

market and there are significant cost saving available if the integration the strain sensor is present. 

4.4. Cost and Benefit Analysis Summary 

Based on data obtained and calculation made it can be stated that alternative and more cost effective 

solutions can be used for the strain gauge data acquisition systems. Based on the data quality and 

logging abilities the decision on the DAQ must be made. 
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Conclusions 

1. Methodology for manufacturing of structures with embedded sensors was made and successfully 

implemented during the development of the samples for tests. As a first stage it was 3 samples 

built according the shape defined in the ISO 527 standard in order to adjust and tune the 3D 

manufacturing machine Prusa MK3S. The PLA as material for the structure was selected. After 

the tuning phase it was defined that the best solution is to use the 100% infill level and 0,2 layer 

thickness, because in this case the surface is mostly flat and the strain gauge application is optimal. 

In order to define the effect of the integrated sensor on the mechanical properties of the structure, 

it was produced batch of 5 samples with no additives working as dummy sensors and batch of 5 

specimens with dummy sensors made out of the Kapton tape, which has very good temperature 

stability up to 280°Celsius and acts in similar way as base material for the strain gauge. The 

specimen shape taken out of the ISO 527 standard. Moreover there were the visual inspection 

made on digital microscope Nikon Eclipse LV150 and Delta Optical Discovery L stereo 

microscope to have the visual inspection of the cut out area of dummy sensor integration which 

showed that the material adhesion to the Kapton tape is acceptable and there were no 

discrepancies detected which affect the data from the strain gauge. Visual inspection showed that 

the sensor, which has thickness of 0,0025mm embeds in good way. After the validation of the 

strain gauge implementation, the following batch of specimens were produced with the 1-LM-

6/350GE strain gauge from the HBM with the ability to withstand the elevated temperatures up 

to the 250 °Celsius with the strain resistor has a nominal resistance of 350Ω. The live sensor 

integration was made following the process created during the manufacturing of the samples with 

dummy inserts. After the successful integration of strain gauges on and in the structures the test 

phase was released. 

2. The impact to the structures was made and several testing phases in testing machine was made in 

order to get data for analysis. It was detected that for the size of samples used the impact on 

structure is minimal and it is possible to use strain gauge with compact dimensions for such 

applications. After the tests conducted with 5 specimens without the strain gauges and 5 

specimens with dummy inserts, which were produced on same conditions and in the same time, 

it was detected that the force needed to destroy the samples with the embedded inserts is around 

3% with the maximum difference calculated of 8% lower comparing to the specimens with the 

embedded dummy inserts.  

3. Mechanical behaviour of the structure under dynamic and static loads was evaluated and results 

recorded and analysed. The strain measurement was defined as main mechanical property to 

quantify and to the log the data obtained. Main package of test were performed with two main 

samples, which differ only in the position of strain gauge, for first one the strain gauge is mounted 

on top of the structure, for the second one with the strain gauge embedded in the middle of the 

structure. Most of strain measurement was performed under the following conditions: strain up to 

0,3% of length, with the speed of 2mm per minute and one strain run was performed under the 

condition of strain up to 0,5% of length, with the speed of 5mm per minute. Based on the 

quantified data it is seen that the difference between the strain gauge data and optical extensometer 

results are from 0,016 till 0,043 of strain when the sensor is mounted on top of the specimen When 

it comes to the specimen with fully embedded strain gauge the strain measurement the difference 
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from 0,029 till 0,038. This gives good indication that economically beneficial system gives small 

deviation from the reference. 

4. Labour and equipment cost calculations were completed and presented, as seen for the data, 

depending on the level of accuracy several options for data acquisition systems are available. In 

order to measure in high precision the professional level equipment should be used, but need to 

keep in mind the cost differences up to 5000,00€ As a recommendation it can be to run the tests 

of produced samples with high accuracy data acquisition systems to record data and compare to 

the presented. 
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Appendices 

Appendix 1. Data sheet of 1-LM11-6/350GE strain gauge 
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Appendix 2. Information sheet of 1-LS5_5 soldering points 
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Appendix 3. Arduino software code 

/* 

Arduino pin 2 -> HX711 CLK 

 3 -> DAT 

 5V -> VCC 

 GND -> GND 

 

#include "HX711.h" 

 

 

#define DOUT  3 

#define CLK  2 

HX711 scale; 

 

void setup() { 

  Serial.begin(9600); 

  Serial.println("HX711 scale demo"); 

  scale.begin(DOUT, CLK); 

  scale.set_scale(calibration_factor);  

  scale.tare();  

  Serial.println("Readings:"); 

} 

void loop() { 

  /*Serial.print("Reading: "); */ 

 // Serial.println("units"); 

 // Serial.print(scale.get_units(), 2); //scale.get_units() returns a float 

 // Serial.println("\n"); 

  uint8_t gain = scale.get_gain(); 

//  Serial.println("gain"); 

//  Serial.println (gain); 

// Serial.println("\n"); 

  float discrete_value = scale.get_value(); 

  float rez = 350; 

 // float pad_itampa = 5; 

  float pad_itampa = 4.07; 

    //float gr_itampa = ((discrete_value / 16777216) * pad_itampa) / gain; 

  float gr_itampa = (discrete_value / 16777216) * pad_itampa / gain; 

  //24bit max value equals 2^24 (16777216) equals 5V 

  //discrete_value equals some volts 

  //voltage equals = discrete_value * 5V / 16777216 

// Serial.println("voltage"); 

//Serial.println("\n"); 

//Serial.print(scale.get_value(), 2); //scale.get_units() returns a float 

//*Serial.print(" lbs"); //You can change this to kg but you'll need to refactor the calibration_factor */ 
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//float Rx_varza = (((rez * rez) + rez * (rez + rez)) * (gr_itampa / pad_itampa)) / (((rez -(rez + rez)) 

* (gr_itampa / pad_itampa))); 

  float Rx_varza = (122500 + 350 * 700 * (gr_itampa / pad_itampa)) / (350 -700 * (gr_itampa / 

pad_itampa)); 

float V_out = pad_itampa * ((Rx_varza/(rez+Rx_varza))-(rez/(rez+rez))); 

float strain = (((Rx_varza-350)/Rx_varza)/2.08); 

float strain2 = ((4/2.08)*(gr_itampa/pad_itampa)); 

Serial.print (gr_itampa, 10); 

Serial.print(","); 

Serial.print (Rx_varza, 5); 

Serial.print(","); 

Serial.print (strain, 5); 

Serial.print(","); 

Serial.print (strain2, 5); 

Serial.print ("\n"); 

//Serial.println("V_out"); 

//Serial.println(V_out, 8); 

//Serial.println("Resistance"); 

//Serial.println (Rx_varza, 5); 

//Serial.println("\n"); 

//Serial.println(); 

  delay (50); 

} 
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Appendix 4. Prusa PLA material datasheet 
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Appendix 5. Electromagnet KK-P40/20 information sheet 
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Appendix 6. Prusa i3 MK3S+ 3D printer datasheet 
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Appendix 7. Vishay PTF56350 data sheet 

 


