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Abstract

:

Additive manufacturing (AM) offers new possibilities in soft robotics as materials can easily be combined in multi-material designs. Proper sensing is essential for the soft actuators to interact with the surroundings successfully. By fabricating sensors through AM, sensors can be embedded directly into the components during manufacturing. This paper investigates NinjaTek Eels electrical resistance response to strain and the feasibility of using the material to create strain sensors. Strain sensors were 3D-printed out of NinjaTek Eel, a soft conductive TPU, and was tested during cyclic loading. A custom resistance–strain test rig was developed for measuring sensor behavior. The rig was calibrated for electric resistance, able to measure electric resistance as a function of strain. A parabolic response curve was observed during cyclic loading, which led to ambiguous readings. A 10-specimen validation test was conducted, evaluating the statistical variation for the first 100 loading cycles. The validation test showed that the sensor is capable of accurate and predictable readings during single load cases and cyclic loading, with the overall root mean square error being 66.9 Ω. Combining two sensors of different cross-sections gave promising results in terms of calibrating. By monitoring load cycles and strain rates, calibration can also be achieved by machine learning models by the microcontroller used to extract data. The presented work in this article explores the potential of using conductive TPUs as sensors embedded in products such as soft robotics, life monitoring of products with structural, and digital twins for live product to user feedback.
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1. Introduction


Soft robots are flexible actuators designed to adapt, deform, and comply to complex environments, conforming to surfaces and the environment while avoiding rigidity and stiffness [1,2,3]. Soft technologies have gained significant attention due to their potential applications in a variety of fields, including medical devices, human interacting robotics, and industrial applications [4,5]. The main actuation technologies are pneumatic, shape memory materials, electroactive, magnetic, and chemical [2,4,6,7]. Pneumatic soft actuators, made of compliant materials, require complex geometries to transfer pressure into actuation and stiffening [8,9,10,11]. Actuators are often casted in complex procedures combining several components with multi-stage casting to create the required geometrical structures [8,10,12,13,14,15,16,17,18].



Additive manufacturing (AM) and fused filament fabrication (FFF) allows for the fabrication of components by extruding thermoplastic filament into a solidifying geometry [19,20,21]. Availability, simplicity, design flexibility, and affordability have made AM a common soft robotics mold fabrication method for elastomer casting [8,10,12,13,14,16,17,18]. However, AM and FFF also introduces design freedom compared to casting processes, allowing for single-step fabrication with internal structures, thin walls, minimal volume compartments, and complex geometries [3,5,22]. Multimaterial printing with conductive materials allows for new innovative smart products with embedded sensors that allows for strain, pressure, temperature, and humidity detection [23]. In addition, FFF offers the option to fabricate complex, all-in-one, and low-cost actuators out of TPE and TPU in a single step process [22,24,25,26,27,28].



In biomechanical applications, recent studies show sensors capable of measuring body movements, joint bending motions, phonations, and cardiac activities [29]. There has also been a development in 3D-printed nanostructures that allow for the mechanical sensing of products [30]. Sensors embedded into products with different functionalities and using different materials is a promising research direction [29], and we suggest that the next step is to embed sensors into any material or product. The layer-by-layer building process in additive manufacturing (Figure 1A) allows for the implementation of embedded sensors within the products that are capable of in situ monitoring. Implementing sensors by conductive filament is applicable to any product if it is capable of accurately sensing. Examples of sensor-embedded products can be soft robotics with large deformations, products with structural integrity for end-of-life monitoring, and digital twins where the product can provide live feedback. Due to the process of multi-material printing, the embedded sensor may be implemented independently of component complexity and can be designed in the X, Y, and Z dimensions. The embedding of the sensor by FFF can be seen in Figure 1A, and a hypothetical example of a sensor embedded in a soft robotic gripper arm gripping a strawberry is shown in Figure 1B.



AM also introduces the possibility to easily manipulate compliance by fabricating multi-material and meta-material components or by integrating other features such as self-healing in the structure [2,25,31,32]. NinjaTek Eel [33] is a commercially available TPU 3D-printing filament with carbon additives, resulting in both conductive and flexible properties [34]. The material can be integrated in the component to create integrated PCBs and three-dimensional meshes of flexible conductive wires.



To ensure the suitable and autonomous behavior of an actuator, it is important to be aware of the surrounding environment and gather information [35]. Soft sensors can accurately capture information about the environment while also maintaining compliance [36,37]. Typically, flexible sensors are fabricated by reducing the geometric dimension in one or more axes, allowing for compliance [38]. Printed sensors have been used to measure strain, tactility, pressure, stress, displacement, acceleration, magnetic fields, temperature, and humidity [39,40,41,42]. FFF offers the possibility to print flexible sensors integrated into soft robots using multi-material printing, although previous studies have shown the working concept utilizing stiffer materials, such as conductive PLA [26]. A softer conductive material may lead to a more compliant component. Previous studies has shown that TPU has excellent toughness and cyclic fatigue resistance [43], making TPU a possible sensor material. We can measure responses to stimuli of the component by integrating meshes on NinjaTek Eel directly into the components. Previous studies have concluded that NinjaTek Eel is unsuitable for strain sensing applications as a secondary peak is observed in the strain response [44].



Most strain measurements are performed using stress–strain test equipment, often referred to as universal test machines. These are typically designed for force measurements and cannot be used for measuring electric resistance in the specimen, requiring development of a custom test rig. Stepper motors are suitable for such applications, as they are capable of accurate and precise actuation in open-loop systems [45]. In this paper, we present data showing NinjaTek Eels’ electric resistance response to strain, allowing for integrated strain sensing in soft robots.




2. Materials and Methods


2.1. Sensor Evaluation Methods


NinjaTek Eel test specimens were printed on a Prusa i3 MK2S FFF 3D-Printer (Prusa Research, Prague, Czech Republic). Print parameters used to fabricate the test specimens can be seen in Table 1. The geometry of the specimens can be seen in Table 2. The specimens were printed with the length and width in the x-y plane. The fabrication parameters were chosen based on trial and error as there exist no acceptable printing guidelines for printing NinjaTek Eel.



A custom test rig, as seen in Figure 2, was developed to evaluate the electrical resistance response to strain. The setup consisted of two NEMA 17 stepper motors with lead screws driven by an Arduino Uno and an Arduino Motor Shield (Arduino, Turin, Italy). To measure the electric resistance, the Arduino Uno was set up to measure the current over a known resistance and the specimen.



To validate the electrical resistance measurement in the test rig, resistors with known resistances were measured with a multimeter and placed in the test rig. The resistors with verified resistances of 4.16, 5.56, and 21.8 kΩ were measured to 4.11, 5.49, and 21.8 kΩ, respectively, indicating that the test rig is capable of accurately measuring the resistance.



To evaluate the electric resistance response to strain, a variation in tests was conducted to observe the behavior in different situations. The following tests were conducted:




	
Cyclic loading test—1000 cycles of strain were applied to the sensor. The sensor was strained to a strain of 0.5 at a strain rate of 0.306 s−1 before being unloaded again.



	
Initial cycle and strain rate test—The sensors were cyclically strained to a strain of 0.05, 0.1, 0.2, 0.5, and 1 before being unloaded, i.e., within the elastic region of the material [33]. This was carried out for 3 different strain rates; 0.306, 0.037, and 0.015 s−1.



	
Validation test—10 samples of the sensor were strained for 100 cycles up to a strain of 0.5 at a strain rate of 0.307 s−1.



	
Creep—The sensor was strained to 1 and maintained for 15 s before unloading the sensor and letting it rest for 15 s. This was carried out to evaluate any creeps in the sensor. The test was performed at a strain rate of 0.306 s−1.









2.2. Calibration Attempts


Based on the results in Section 3.1, two attempts were performed to calibrate the sensor. The main objective of this calibration was to evaluate the potential implementation of printed sensors for end use applications. A functional sensor should be unambiguous. Given a resistance measurement, the output of the sensor should correspond to a singular strain value. However, due to the parabolic shape of the strain–resistance curve in Figure 3B (i.e., hysteresis in the strain response), two corresponding strain values for every resistance value were observed. To achieve unambiguity, the proposed sensor setup should avoid the minimum value or introduce features that exclude one of the possible strain values. Compensation for this hysteresis response was, therefore, attempted by pre-straining the sensor and maintaining a strain window within the strictly sinking values, for strains smaller than the observed minimum. This was conducted for two strain windows: 0.15–0.25 and 0.15–0.2. Another attempt at fixing this issue consisted of comparing two sensors with different cross-section areas. If resulting in different strains, then the two values may be combined to determine one unambiguous reading. The sensor couple was strained cyclically to a strain of 0.5. All attempts were tested with a strain rate of 0.307 s−1.





3. Results


3.1. Electric Resistance Response Results


The Ninjatek Eel FFF sensor shows a predictable and consistent behavior during cyclic strain (Figure 3A). A secondary peak can be observed in the strain response.



Figure 3B shows the raw data output of resistance over strain and how the peak strains plotted in Figure 3C were derived. The behavior during cyclic load is variable for the first number of loading cycles (Figure 3B) but converges towards a close to steady-state behavior (Figure 3C) with a repeatable and predictable response (Figure 3D). The initial loading cycle results in an increased resistance at 0 strain, also resulting in an increased resistance throughout the cycle, which drops off as the number of cycles increases.



Figure 4 shows the electric resistance response during the initial loading cycle.



The initial loading cycle deviates significantly from the later response. This behavior is, however, also repeatable and predictable. Figure 4 shows that the initial strain response follows the same curve shape for all tested strain rates up to a strain of 0.5. This is evident when comparing the initial loading cycles up against each other. They follow the same curve with a small peak before increasing. The maximum strain does, however, affect the relapsing when unloaded. All the plots in Figure 4 relapses to different electrical resistance values although they follow a trend where they drop to a minimum. When reaching a strain of 0.5, the strain rate influences the behavior, yielding an increase in the resistance for the specimens with larger strains (Figure 4E).



The results from the validation test, seen in Figure 5, show that there is little variation between the specimens. For the 10 specimens, the largest standard deviation was 110.9 Ω at cycle 1. The standard deviation was 58.0 Ω at cycle 100. The overall root mean square error (RMSE) for all 10 specimens was calculated to be 66.9 Ω. Within the tested 100 cycles, the 10 specimens follow the same curve and show similar behavior. The standard deviation appears to result from the difference in initial electric resistance prior to loading.



The sensor is additionally subject to creep. As seen in Figure 6A, the resistance drops of as a function of time when constant strain is applied. This is also the case during relaxation. It is, however, clear that the creep phenomenon converges with time (Figure 6B).




3.2. Calibration Attempts


The calibration attempts can be seen in Figure 7.



In Figure 7A, the pre-strained specimen reshaped into a new parabolic curve inside the strain window where the electric resistance was previously observed to be strictly sinking with strain in Figure 3B. While the minimum value was observed to be outside of the strain window in Figure 3B, it moves into the strain window in Figure 7, creating new ambiguous readings. Regarding the attempt to use two specimens with different cross-section areas to extract an unambiguous strain (Figure 7B), the specimens showed a similar behavior. There was, however, a slight discrepancy between the two different cross-sections after a strain of 0.3, even though the signal before 0.3 are very similar. In this region, the sample with the smallest cross-section reads a higher resistance than the other specimen.





4. Discussion


The results show a systematic and predictable correlation between strain and the electric resistance after the initial loading cycle. When observing the time dependent behavior, a secondary peak can clearly by observed, as previously reported by Georgopoulou et al. [44]. The sensors do, however, show a repeatable parabolic strain dependent behavior after the initial loading cycle. As strain is applied, the electric resistance is reduced before the resistance increases with the strain. This repeatable behavior makes the material suitable for strain sensing applications, as the strain can be derived from the electric resistance. However, hysteresis is present, and a calibration model should consider the different responses during loading and unloading. This could complicate applications significantly.



Based on the converging behavior, the material maintains its strain-sensing capabilities for a significant number of loading cycles. After approximately 250 loading cycles, the cyclic behavior seems to have reached a close to steady-state condition where drift is negligible. From this point, the sensor would be able to accurately give information about the current cyclic strain. It is reasonable to believe that this behavior could be maintained until fatigue failure occurs. Previous studies have shown that TPUs show excellent toughness and cyclic fatigue resistance, indicating that the material is suitable for cyclic loading cases [43].



For the 10-sample validation test, there is a small standard deviation in the convergence. They follow the same converging pattern, indicating that different sensors will be able to yield similar behavior. There would only be a small difference from sensor to sensor. Based on Figure 5, the standard deviation looks to be mainly a consequence of a difference in initial resistance. One might, therefore, be able to calibrate the sensor based only on the initial electrical resistance measured prior to loading.



The sensor could also be suitable for measuring strains during the initial loading. As seen in Figure 4, the electric resistance response follows the same curve for all strains and is independent from the strain rate up to a strain of 0.5. One could, therefore, use the sensors in applications requiring strain measurements up to a strain of 0.5 without considering the strain rate. One should, however, take creep into consideration when using the sensor for applications. The sensor shows a significant degree of creep, with a substantial change in resistance during the first seconds after strain is applied. This might be a problematic feature when designing a calibration model for the sensor.



As the sensor is fabricated with FFF, the sensors can be printed directly integrated into the actuators in the single-step fabrication. FFF has already shown itself to be a proven fabrication method for soft robots. NinjaTek Eel requires no extra equipment for printing. The sensors could, therefore, be printed into the structure using a multi-material compatible 3D printer, allowing for complex webs and geometries of strain sensing sensors. Continuing this research may make part monitoring in 3D-printed components easier, enabling lifetime and component failure prediction. This applies not only to soft robotic applications but also to more rigid components.



A soft robotics sensor application requires an external microcontroller for calculating the strain based on the electric resistance. The data presented in this paper show that the sensor reaches a close to steady-state behavior after approximately 250 loading cycles and follows a repeatable behavior both before and after this point. It may, therefore, be possible to calibrate the sensor through a “pre-activation” phase of minimum 250 cycles before use; however, this may be highly impractical in actual application. Since the microcontroller would continuously monitor the sensor load case, an alternative to this solution is to extract an accurate strain already after the first loading cycle by calibrating the microcontroller for the predictable and repeatable sensor drift shown in Figure 5.



Both calibration attempts presented in Section 2.2 were performed with the aim of fixing the ambiguity issue arising from the polymeric behavior of the resistance–strain curve. The attempts of pre-straining the sensor was unable to achieve this goal as a new parabolic curve emerged. This result simply created the same problem over again. However, the attempts of utilizing sensors with a difference in cross-section area gave potentially promising readings as a slight discrepancy between the two sensors occurred after a strain of 0.3, marking the parabolic curve minimum. This may be used for separating the readings before the curve minimum from after. The sensor sensitivity should also be calculated after a successful setup and calibration has been achieved. This should be conducted for the sake of the user and to compare the sensor with other work.



Other solutions than the two presented in Section 2.2 are combining multiple angled sensors in a full bridge strain gauge setup to be able to extract an unambiguous strain value from the electric resistance response [46]. Also, the sensor may be combined with other sensors and trained using a machine learning algorithm. In addition, the sensor may still be used for other applications, such as a binary sensor generating an active/non-active response.



There may be multiple factors affecting the sensor behavior that have not been identified. All tests were conducted with a voltage of 5 V. Variations in voltages and currents have not been tested. It is also possible that temperature may affect the resistance of the sensor. Furthermore, the tests have been restricted to cyclic testing, and we do not know the effect of more arbitrary strains on the sensor behavior. It is, however, not unlikely that this will drastically affect the sensor useability as the sensor is susceptible to both hysteresis and curve reshaping, as shown in Figure 7A.



By adding sensors to products, we argue that smart components capable of providing user feedback, monitoring, and input for soft robotics could have a major impact on product development. In the process of FFF, now with an increasing availability of multi-material hardware, such sensors can be embedded internally into such components. The FFF process allows for three-dimensional sensor integration with no restrictions in terms of product complexity. FFF is also an excellent manufacturing method for products with complex geometries and specialized components with custom interfaces, and our proposed research is the first step in adding sensing capabilities into such products with relatively low effort and cost. In summary, we argue that the combination of conductive filament and the FFF process will enable sensing in products without a major increase in cost and, therefore, have a major impact on smart product designs.




5. Conclusions


Three-dimensionally printed sensors printed in NinjaTek Eel shows a repeatable, predictable, and usable electric resistance response to strain and can potentially be integrated by FFF into components. During cyclic loading, the sensor outputs accurate and stable readings. The RMSE was calculated to 66.9 Ω, with the deviation being most prominent in the first loading cycle. The results indicate that the measurement deviations are mainly an effect of initial resistance variations occurring prior to loading. This makes it suitable for soft robotics applications, given a functional calibration model is in place. By combining multiple sensors with various cross-sections, we have achieved promising results in terms of calibrating for a change in the hysteresis loop. The sensor might also be calibrated by monitoring load cycles and strain rates by implementing machine learning models to the microcontroller used to extract data. The presented work in this article explores the potential of using conductive TPUs as sensors embedded in products such as soft robotics with large deformations, products with structural integrity for life monitoring, and digital twins where the product can provide live feedback.
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Figure 1. Multimaterial printing with conductive filament potential, (A) conductive filament printed into 3D-printed part, and (B) hypothetical soft robotics gripper application. 
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Figure 2. Test rig setup used to measure cyclic strain rate and electrical response. 
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Figure 3. Electric resistance response to strain; (A) electric resistance during cyclic load as a function of time; (B) parabolic electric resistance during cyclic load as a function of strain; (C) electric resistance at max. strain trend over multiple cycles of straining; (D) electric resistance over strain at close to steady state. The green arrow between (B) and (C) indicates how the curve in (C) is derived from the points in (B). The green arrow between (C) and (D) indicates the maximum strain at cycle 900. 
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Figure 4. Electric resistance response during the initial cyclic loading: (A) max. strain = 0.05; (B) max. strain = 0.1; (C) max. strain = 0.2; (D) max. strain = 0.5; (E) max. strain = 1; (F) relative increase in electrical resistance during initial loading cycle for different strain rates. 
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Figure 5. Validation test. Mean value at max strain. Standard deviation plotted as shadow. N = 10. 
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Figure 6. Creep behavior: (A) creep behavior during cyclic load; (B) creep behavior during loading cycle 10. 






Figure 6. Creep behavior: (A) creep behavior during cyclic load; (B) creep behavior during loading cycle 10.



[image: Applsci 14 03681 g006]







[image: Applsci 14 03681 g007] 





Figure 7. Calibration attempts: (A) resistance response for pre-strained specimen cyclically loaded within a strain window of 0.15–0.25; (B) resistance response for specimens with a difference in cross-section area. 
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Table 1. Fabrication parameters.
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	Parameter
	Value





	Printer
	Prusa i3 MK2S



	Slicer
	PrusaSlicer-2.5.1



	Nozzle Diameter
	0.6 mm



	Nozzle temperature
	238 °C



	Bed Temperature
	50 °C



	Extrusion Multiplier
	1



	Max Volumetric Flow
	1 mm3/s



	Part Cooling Fan Speed
	100%



	Layer Height
	0.2 mm










 





Table 2. Specimen geometry.






Table 2. Specimen geometry.





	Dimension
	Value





	Length
	120 mm



	Width
	1.2 mm



	Height
	2 mm



	Cross-Section Area
	2.4 mm2
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