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Title of the research 
activity: 

 
3D-printed smart structures for dynamic measurement. 

 
 

State of the Art: Smart structures, i.e. structures able of self-monitoring some physical 
quantities without the need of external sensors [1] are rapidly spreading in 
several engineering sectors such as aerospace [2,3], automotive [4] and 
bioengineering [5,6]. Additive manufacturing, due to the several advantages in 
terms of geometric complexity and of low production cost, is the most widely 
used manufacturing technique for the realization of structures with embedded 
sensors [7,8,9]. At the moment there are two possibilities for the realization of 
smart structures through additive manufacturing: an hybrid approach, where 
the sensing element is manually inserted during the printing process [7,8], or a 
multi-material technique in which the structure and the sensor are printed in a 
single process [7,8,11]. The recent possibilities of additive manufacturing allow, 
by exploiting the piezoresistive effect, realizing efficiently embedded 3D-
printed sensors such as accelerometers and strain gauges [12-19]. Given the 
well-known feasibility of 3D-printed sensors, in recent years the research has 
moved towards their optimization, trying to increase both their static and 
dynamic performances. A set of printing parameters, that guarantee the 
maximum sensitivity of the instrument, is the actual research point [12,20-26]. 
However few research activities, about the optimization of the shape and 
positioning of the sensor within the structures, have been made. These last two 
aspects are however of considerable importance when dealing with the 
fabrication of smart structures for three main reasons:  
 

 Both the shape and the position of the 3D-printed sensor may 
contribute to a possible increase of the sensor performances. 

 Particular locations may introduce geometrical imperfections in the 
base structure, thus  decreasing the structural strength of the 
components to external excitations. 

 If the sensor failed due to external loads, is it still able to monitor the 
phisycal quanty for which it was realized for?  

 
Since additive manufactured smart structures are frequently replacing 
components fabricated with conventional techniques, the previous questions 
must be  necessarily answered. Only in this way, it would be possible to define 
a general procedure for the realization of 3D printed smart structures that 
guarantees high performance of the 3D-printed sensors, reliable smart 
structures and high structural strength capabilities of the component. 
 



Short description and 
objectives of the research 
activity: 

The purpose of the proposed research project is to design 3D-printed smart 
structures, trying to optimize (through numerical simulation, machine learning 
and advance approaches) the shape and the position of the 3D-printed sensor 
within the base structure. The main targets will be to maximize the sensor’s 
perfomances and its ability to monitor physical quantites under whichever 
stress condition,  trying to maintain good structural strength properties of the 
base structure. The results initially obtained will be experimentally validated on 
simple structures, with ad-hoc tests, in order to certify their accuracy. Once 
satisfactory results will be obtained, the 3D-printed sensors will be inserted into 
real mechanical components or systems, existing and/or newly produced, with 
applications ranging from aerospace, automotive to the agricultural sector. 
Since smart structures are of general applicability, many engineering disciplines 
will be addressed having to face problems related to structural strength, 
piezoresistivity and thermal effects. 
 
 

Bibliography: [1] Y. Xu, X. Wu, X. Guo, B. Kong, M. Zhang, X. Qian, S. Mi, W. Sun. The boom in 3d-

printed sensor technology, Sensors 17 (2017). 
[2] H. Boukabache, C. Escriba, J.Y. Fourniols. Toward smart aerospace structures: 

Design of a piezoelectric sensor and its analog interface for flaw detection, Sensors 14 
(2014) 20543–20561. 
[3] A. Basheer. Advances in the smart materials applications in the aerospace 

industries, Aircraft Engineering and Aerospace Technology 92 (2020) 1027–1035. 
[4] M. O. F. Emon, J.-W. Choi. Flexible piezoresistive sensors embedded328in 3d 

printed tires, Sensors 17 (2017). 
[5] T. Han, S. Kundu, A. Nag, Y. Xu. 3D printed sensors for biomedical applications: A 

review, Sensors 19 (2019). 
[6] M. Sharafeldin, A. Jones, J. F. Rusling. 3D-printed biosensor arrays for medical 

diagnostics, Micromachines 9 (2018). 
[7] M. Arh, J. Slavic, M. Boltezar. Design principles for a single-process 3d-printed 

accelerometer – theory and experiment, Mechanical Systems and Signal Processing 
152 (2021). 
[8] M. O. F. Emon, F. Alkadi, D. G. Philip, D.-H. Kim, K.-C. Lee, J.W.Choi. Multi-material 

3d printing of a soft pressure sensor, Additive Manufacturing 28 (2019) 629–638. 
[9] M. S. Hossain, J. A. Gonzalez, R. M. Hernandez, M. A. I. Shuvo, J. Mireles, A. 

Choudhuri, Y. Lin, R. B. Wicker. Fabrication of smart parts using powder bed fusion 
additive manufacturing technology, Additive Manufacturing 10 (2016) 58–66. 
[10] C. Kim, C. Sullivan, A. Hillstrom, R. Wicker. Intermittent embedding of wire into 

3d prints for wireless power transfer, International Journal351of Precision Engineering 
and Manufacturing 22 (2021) 919–931. 
[11] A. Bellacicca, T. Santaniello, P. Milani. Embedding electronics in 3d printed 

structures by combining fused filament fabrication and super-sonic cluster beam 
deposition, Additive Manufacturing 24 (2018) 60–66. 
[12] M. Maurizi, J. Slavic, F. Cianetti, M. Jerman, J. Valenticic, A. Lebar, M. Boltezar. 

Dynamic measurements using FDM 3D-Printed embedded strain sensors, Sensors 19 
(2019). 
[13] D. Chung. A critical review of piezoresistivity and its application in electrical-

resistance-based strain sensing, Journal of Materials Science 55 (2020) 15367–15396. 
[14] N. Munasinghe, M. Woods, L. Miles, G. Paul. 3-d printed strain sensor362for 

structural health monitoring, in: 2019 IEEE International Conference on Cybernetics 
and Intelligent Systems (CIS) and IEEE Conference on Robotics, Automation and 
Mechatronics (RAM), pp. 275–280. 
[15] D. Zymelka, K. Togashi, T. Kobayashi, Carbon-based printed strain sensor array 

for remote and automated structural. health monitoring, Smart Materials and 
Structures 29 (2020) 105022. 



 

 

[16] M. Le, F. Ganet, D. Audigier, J. Capsal, P. Cottinet. Printing of microstructure 

strain sensor for structural health monitoring, Appl. Phys. A 123 (2017). 
[17] H. Castro, V. Correia, N. Pereira, P. Costab, J. Oliveiraa, S. Lanceros Mendez. 

Printed wheatstone bridge with embedded polymer based373piezoresistive sensors for 
strain sensing applications, Additive Manufacturing 20 (2018) 119–125. 
[18] M. Al-Rubaiai, R. Tsuruta, U. Gandhi, C. Wang, X. Tan. A 3d-printed stretchable 

strain sensor for wind sensing, Smart Mater. Struct. 28 (2019) 084001. 
[19] H. Watschke, M. Goutier, J. Heubach, T. Vietor, K. Leichsenring, M. Boll. Novel 

resistive sensor design utilizing the geometric freedom of additive manufacturing, 
Applied Sciences 11 (2021). 
[20] J. Tan, H. Low. Embedded electrical tracks in 3d printed objects by fused filament 

fabrication of highly conductive composites, Additive Manufacturing 23 (2018) 294–
302. 
[21] J. Zhang, N. Wang, L. Yuan, F. Chen, K. Wu. Discrimination of winter wheat 

disease and insect stresses using continuous wavelet features extracted from foliar 
spectral measurements, Biosystems Engineering 162 (2017) 20–29. 
[22] H. Watschke, K. Hilbig, T. Vietor. Design and characterization of electrically 

conductive structures additively manufactured by material extrusion, Applied Sciences 
9 (2019). 
[23] B. Hampel, S. Monshausen, M. Schilling, Properties and applications of 

electrically conductive thermoplastics for additive manufacturing of sensors, 
Technisches Messen 84 (2017) 593–599. 
[24] G. Stano, A. Di Nisio, A. Lanzolla, M. Ragolia, G. Percoco. Novel resistive sensor 

design utilizing the geometric freedom of additive manufacturing, The International 
Journal of Advanced Manufacturing Technology 11 (2020) 2971–2986. 
[25] M. Arh, J. Slavic, M. Boltezar. Experimental identification of the dynamic 

piezoresistivity of fused-filament-fabricated structures, Additive Manufacturing 36 
(2020) 101493. 
[26] T. Barsi Palmic, J.  Slavic, M. Boltezar. Process parameters for fff 3d-printed 

conductors for applications in sensors, Sensors 20 (2020). 

Scientific coordinator (s) Prof. Filippo Cianetti 

Contact (s)  filippo.cianetti@unipg.it 


