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Abstract

:

The introduction of smart materials will become increasingly relevant as biomedical technologies progress. Smart materials sense and respond to external stimuli (e.g., chemical, electrical, mechanical, or magnetic signals) or environmental circumstances (e.g., temperature, illuminance, acidity, or humidity), and provide versatile platforms for studying various biological processes because of the numerous analogies between smart materials and biological systems. Several applications based on this class of materials are being developed using different sensing principles and fabrication technologies. In the biomedical field, force sensors are used to characterize tissues and cells, as feedback to develop smart surgical instruments in order to carry out minimally invasive surgery. In this regard, the present work provides an overview of the recent scientific literature regarding the developments in force measurement methods for biomedical applications involving smart materials. In particular, performance evaluation of the main methods proposed in the literature is reviewed on the basis of their results and applications, focusing on their metrological characteristics, such as measuring range, linearity, and measurement accuracy. Classification of smart materials-based force measurement methods is proposed according to their potential applications, highlighting advantages and disadvantages.
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1. Introduction


Smart Materials (SMs), also known as intelligent or advanced materials, cannot be uniquely identified by a standard definition. Thus, no widely accepted definition exactly outlines what SMs are. In this case, the terms “smart”, “intelligent”, or “advanced” are usually considered equivalent and, in the literature, are used interchangeably. From the etymology of the name, there is nothing “smart” by and of itself in materials; rather, there are materials with intrinsic specific properties that can be used to develop systems with “smart” behavior. They can be described as materials that sense and react smartly to environmental changes, or as materials that can modify their original characteristics in response to specific stimuli in a controlled way [1,2,3,4,5,6,7,8,9,10,11,12,13]. SMs are influenced by several environmental factors, such as thermal, mechanical, electrical, chemical, or magnetic stimulus input, and can respond to them in different ways, such as a change in shape, color, temperature, or density. As a corollary, SMs can be thought of as those materials that enable smart responses in devices that would not otherwise be possible and have the potential to produce a variety of improved capabilities. The concept of SMs has been in circulation for many years [5,6,14], and the first observation of a material’s transformation documented in the literature concerned an electrochemical investigation of cadmium-gold alloys as early as 1932 [15]. Although the term “smart material” was first used in the 1980s [3,8,16], nowadays it is constantly evolving. The development of systems that actively monitor themselves and their performance by emulating biological systems with their integrated designs and adaptive capacities has significantly advanced and, thanks to their interdisciplinary and multidisciplinary nature, SMs offer a wide range of applications in many different industries and technological fields, including civil engineering, healthcare, robotics, aerospace, and many more. Among all the possible applications, this review focuses on SM-based systems for force measurements in the biomedical field. The present article deals with an overview of systems based on different SMs, i.e., piezoelectric materials, shape memory alloys, magnetostrictive materials, and optical fibers. Based on the current scientific literature, a comparison in terms of measurement range, accuracy, sensitivity, and linearity is provided. Moreover, data are summarized in tables and charts to help the reader in the selection of the most suitable smart material depending on the application field, advantages, and drawbacks.



The present article is arranged as follows: first, an introduction to SMs will be proposed; in Section 3, it will be illustrated what SMs are, what they can do, and how they are classified; subsequently, in Section 4, some potential SMs applications in various areas will be shown, focusing on their applications in the biomedical field; in Section 5, it will be specified which SMs-based methods were grouped for the syntheses and the criteria for their inclusion in this review and for evaluating their performance; and finally, in Section 6, the results obtained will be shown and compared, providing their advantages and drawbacks.




2. Review Method


This review focuses on force measurement methods and systems for biomedical applications involving SMs. This overview was conducted through leading scientific research search engines, and technical and medical journals, including Scopus, Google Scholar, IEEE Xplore, PubMed, MDPI journals, Journal of Materials Science, Journal of Intelligent Material Systems and Structures, Smart Materials and Structures, and others. In this context, a comparison of several studies in the literature that focus on SM-based systems and methods for force measurement is provided in the following subsections. The comparison also takes into account systems with characteristics and principles that are compatible with the biomedical applications mentioned above, in addition to those studies that have been conducted specifically in this field. Therefore, systems based on SMs—which were not initially developed for biological applications—that might offer a force measurement solution are also taken into consideration in this review. Among the methods in the literature, the SMs that are used for the development of systems for force measurement are mostly piezoelectric materials, shape memory alloys, magnetostrictive materials, and optical fibers. For each type of SM, several studies were cited describing their use in force measurement methods, and their performance and main metrological properties will be evaluated and summarized.




3. Smart Materials


3.1. Classification of Smart Materials


SMs can be divided into two main classes, i.e., passive and active [1,3,5,6,8,11,17]. Figure 1 depicts a schematic diagram of their classification, which is based mainly on their characteristics and how they react to external stimuli. In the scientific literature, passive SMs are defined as being capable of transferring energy without transducing it [3,5,6,8]. The term “passive” also suggests that this category of materials needs a power supply and does not change their characteristics considerably when exposed to environmental changes. Although technically not SMs [11], optical fibers are considered passive SMs by many authors in the literature [1,3,6,8,18], therefore they were included in this review. Active SMs, on the other hand, can transduce energy [19], and they are further classified into two types. The first type of active SMs can change their properties when exposed to external stimuli, e.g., chromic materials can change their color when exposed to different types of outside stimuli [20], whereas the second type of active SMs can convert one form of energy, e.g., thermal, electrical, mechanical, or chemical, into another. Photovoltaic solar cells, which can convert solar energy into electricity [21], or piezoelectric and pyroelectric materials, which generate electricity when subjected to mechanical or thermal loads, are examples of this type of active SM. Furthermore, in the presence of an electric field, piezoelectric materials can produce mechanical strain and vice versa [22]. Shape memory alloys can be modified in shape, and their original shape restored by heating or cooling [23].



Another classification method for SMs is based on their reversibility and bidirectionality [11,24]. Some active SMs exhibit the ability to switch between input and output energy types. Many materials that deal with electricity conversion have this property, e.g., piezoelectric, pyroelectric, and thermoelectric materials, which can convert and reverse electricity into mechanical strain and temperature difference, respectively. Moreover, bidirectional materials can be used in a variety of other applications, such as the two-way shape memory effect, which allows shape memory alloys to be used to provide multiple or switchable outcomes, enabling the replacement of multi-part components with a single piece of material, or piezoelectric materials in self-sensing actuators, which combine their dual effects as a sensor and actuator simultaneously [25,26].




3.2. Types of Smart Materials


There are many different types of SMs, which can be divided by compound, e.g., organic or inorganic [27]; by material, e.g., metallic or polymeric [28,29]; or by state, e.g., solids, gels, or fluids [30]. Whether organic, metallic, or gel, generally all SMs are classified into types based on their behavior, depending on how they react to different external conditions, and the main properties that SMs exhibit which distinguish them from other materials are:




	
Transiency—SMs are capable of responding to multiple stimuli and existing in a variety of states;



	
Immediacy—SMs’ response time is usually quick, and they can respond in real-time;



	
Self-actuation—SMs’ inherent property and refers to the ability to change appearance and shape;



	
Selectivity—SMs reaction is distinct and predictable;



	
Directness—SMs action and reaction take place in the same place.








In the following section, the types of SMs used in biomedical force measurement systems are briefly discussed, while Table 1 lists an example of how several types of active SMs react to external stimuli of different origins, and Figure 2 shows how stimuli and responses are related.



3.2.1. Piezoelectric Materials


Piezoelectric materials are among the most common of all SMs. Piezoelectricity is a property of materials that can be seen as an electric charge or voltage generated by the application of mechanical loads or, in the opposite case, as a mechanical deformation brought on by the application of an electric field. These piezoelectric effects, discovered by Pierre and Jacques Curie between 1880 and 1881, were classified as “direct piezoelectric effect” and “converse piezoelectric effect”, respectively. The Curie brothers investigated the effect of mechanical pressure on electricity induction in some specific crystals, such as quartz, Rochelle salt, tourmaline, and cane sugar [32,33,34,35]. The direction of the applied mechanical load determines the polarization of the piezoelectric material; on the contrary, when an electric field is applied, the material has the ability to change its shape, allowing the energy to be released as a mechanical strain. Piezoelectricity is a property of many organic and inorganic materials, including ceramic and polymeric materials [34]. Among the most common piezoelectric materials, lead zirconate titanate (PZT), lead titanate, polyvinylidene fluoride (PVDF), lead magnesium niobate–lead titanate (PMN-PT), and barium titanate (BTO) can be found [36]. The piezoelectric material’s constitutive equations are expressed in many forms, but the two most used are [37]:


   ε  i j   =  C  i j k l    σ  k l   +  d  k i j    E k  ,  



(1)






   D i  =  d  i k l    σ  k l   +  e  i j    E k  ,  



(2)




where the indexes represent various directions in the material coordinate system, εij denotes the strain tensor, Cijkl the elastic compliance matrix, σkl the stress tensor, dkij the matrix of piezoelectric coefficients, and Ek the electric field. The first term in Equation (1) indicates Hooke’s law, while the second one is the converse piezoelectric effect. Likewise, Di and eij indicate the electric flux density and the dielectric permittivity matrix, respectively. Generally, the electromechanical properties of an anisotropic piezoelectric continuum can be defined by 18 independent coefficients because of its symmetry. Furthermore, the linear piezoelectricity theory is based on hypotheses such as infinitesimal deformations, linear stress-strain relations, and stationary electric fields. Equations (1) and (2) can be expressed in alternate forms by considering the boundary conditions and including other variables, e.g., temperature effect [37]. Moreover, to this day, there are ongoing attempts to define more accurate analytical models that consider the nonlinearities of piezoelectric materials [38], since at low levels of applied electric field and stress, the linear model provides a reasonable approximation of the functional characteristics of piezoelectric materials, but it becomes progressively inaccurate as the electric field and stress levels increase.




3.2.2. Shape Memory Alloys


Shape Memory Alloys (SMAs) are a class of metallic alloys that can be classified into two categories based on the type of stimuli they respond to, i.e., thermo-responsive and magneto-responsive [39]. The first type can be activated thermally by heating, and the second type reacts to static and oscillating magnetic fields. The underlying driving mechanism in both cases is the reversible martensitic transformation. In particular, thermo-responsive SMAs can be plastically deformed when subjected to a mechanical load below a certain temperature, and can revert to the original shape between two transformation phases (austenitic and martensitic) when heated above a certain temperature. The increase in temperature can be also induced by Joule effect when SMAs are powered electrically. In this case, they can be classified as three stage smart actuators (i.e., Joule effect to temperature variation to mechanical deformation). SMAs can exist in three different crystal structures, i.e., austenite, twinned martensite, and detwinned martensite (Figure 3a) [23]. At lower temperatures, the martensite phase is stable, while austenite is stable at higher temperatures. The thermoelastic transformation of martensite depends on two effects: the shape memory effect (SME) and superelasticity. Figure 3b shows the difference in transformation temperature from the martensitic to the austenitic phase. During cooling, Ms is the martensite starting temperature, and Mf represents the martensite final temperature. In the same way, As and Af indicate the austenite starting and final temperature, respectively [5]. The SME phenomenon occurs when the structure is heated or cooled to specific characteristic transition temperatures, and afterward, SMAs recover their original size and shape.



This effect is observed when the SMA temperature is below Mf and, when the alloy is in deformed martensite, it will regain its original shape by heating it above the Af temperature [23,40]. At higher temperatures, one-way SMAs only have one original shape, whereas two-way SMAs can have two recoverable shapes: one in the austenite phase and the other in the martensite phase. Regarding superelasticity, this property of SMAs allows the materials to resist large cyclic deformations without residual deformation and cover large elastic deformations (up to 8%) [6,40]. Superelasticity occurs at very high temperatures when there is a stable austenite structure. Historically, Ölander discovered shape recovery while researching Cadmium-Gold alloys in 1932 [15], and this phenomenon has since been observed in many other alloys. Among the most widespread, nickel-titanium alloys are one of the most effective and they are commercially available under the name Nitinol.




3.2.3. Magnetostrictive and Electrostrictive Materials


Magnetostrictive materials are able to convert energy between the magnetic and elastic states [1]. This phenomenon, known as magnetostriction, describes the alteration in physical dimensions that many magnetic materials show when their magnetization changes. The magnetostriction energy transformation process is bidirectional: from mechanical deformation to magnetization, and vice versa. These materials have complex behavior because of their frequency-dependent hysteresis and nonlinear properties. The material’s molecular dipoles and magnetic field boundaries rotate to align with the field as a magnetic field is applied. The material elongates or contracts as a result. Figure 4 shows a schematic representation of the deformation of a magnetostrictive material when a magnetic field is applied, and by way of illustration, four points along the curve are described:




	
Magnetic domains have a random orientation when no magnetic field is applied. Therefore, no change in size occurs;



	
By magnetizing, a small region of the magnetic domain is reoriented in the same direction as the magnetic field, and the strain starts to occur;



	
As the magnetization increases, the number of magnetic domains that align increases. Moreover, a linear relationship between the applied magnetic field and strain can be found (points 2 to 3);



	
When all magnetic domains align to the magnetic field, there is no further strain.








When subjected to magnetic fields or stresses, the behavior of a magnetostrictive material depends on different effects [41], as shown in Figure 5. The strain in magnetostrictive materials obtained by applying a magnetic field is known as the Joule effect. James Prescott Joule performed the first measurements of magnetostriction by quantifying the change in length of magnetized iron samples. The Joule effect can be described by the following equation [42]:


  ε =  C H  σ + λ H ,  



(3)




where CH is the elastic compliance coefficient matrix under constant field H, and λ indicates the magnetostrictive coefficient. In addition, that strain can produce a stress due to the material’s elasticity, which in turn can produce magnetization. The latter phenomenon is called the Villari effect, and it can be expressed as follows [43]:


  B = λ σ +  μ σ  H ,  



(4)




where B is the magnetic induction, and μσ is the pure linear magnetic permeability matrix at constant applied stress [44]. Finally, magnetized materials can produce magnetic fields because of their magnetic permeability. Iron alloys exhibiting cubic Laves phase and containing rare earth elements, such as samarium (SmFe2), terbium (TbFe2), or dysprosium (DyFe2), have the highest known magnetostriction. In particular, Terfenol-D (TbxDy1−xFe2) is one of the most commonly used engineering magnetostrictive material because of its large deformation at room temperature [41,45]. Terfenol-D is an alloy of terbium (Ter), iron (Fe), and dysprosium (-D), and its formulation was developed at the Naval Ordnance Laboratory (NOL) by a research group led by Arthur E. Clark [46]. Due to their high saturation magnetostriction, materials based on cobalt ferrite (CoFe2O4) are widely used in magnetostrictive applications, and they are an effective Terfenol-D substitution if rare-earth elements are not available [47].



Moving on to electrostrictive materials, the phenomenon that takes its name occurs when a material changes its size in response to an electric field. The ions are displaced from their initial positions when they are exposed to an electric field, increasing or decreasing their size. The principle behind electrostriction is similar to that seen in magnetostriction, with the difference being the nature of the applied external field, i.e., electric or magnetic. Moreover, electrostrictive materials are often grouped with piezoelectric ones; in fact, piezoelectric materials also have this property, and the electrostrictive effect can be classified as a linear piezoelectric effect contribution that is dependent on electric fields. As with piezoelectric materials and Equation (1), one of the fundamental equations for electrostrictive materials is:


   ε  i j   =  C  i j k l    σ  k l   +  d  k i j    E k  +  M  k l i j    E k   E l  ,  



(5)







Equation (5) is composed of three terms: firstly, Hooke’s law; then the converse piezoelectric effect; and finally, the electrostrictive effect. The latter depends on the components Mklij of the fourth rank tensor; those components indicate the electrostrictive coefficients [49,50]. However, since the piezoelectric effect occurs only in non-centrosymmetric materials, the two phenomena are theoretically independent. Conversely, the electrostrictive effect, which is characterized by an even rank tensor, is not symmetry-restricted and occurs in all materials, including amorphous ones. Thus, the strain on the applied electric field described by the electrostrictive effect has a nonlinear dependence [51]. While all dielectrics present electrostriction, relaxor ferroelectrics [52,53] are a class of ceramics that have extremely high electrostrictive coefficients, and among them the most common are lead lanthanum zirconate titanate (PLZT) [54,55], lead magnesium niobate (PMN) [50,56], and lead magnesium niobate-lead titanate (PMN-PT) [57].




3.2.4. Optical Fibers


Optical fibers are transparent and flexible fibers, usually made of plastic or glass, characterized by an inner diameter (core) in the order of micrometers [6,11,18]. They are commonly used to convey light between two ends and are widely employed in fiber-optic communications, where they allow transmission over larger distances and at higher bandwidths than electrical connections. Optical fibers are preferred to metal wires because they are able to carry signals with minimal loss and, in addition, they are immune to electromagnetic interference. The concept behind optical fibers, based on the guiding of light by the phenomenon of refraction, was discovered in the early 1840s by Babinet and Colladon. The light transmission in an optical fiber occurs by complete internal reflection if the transmitting fiber, also known as the core, is clad with a material that has a lower refractive index. Moreover, the transmission of light throughout a fiber via total internal reflection allows only specific modes of propagation, which are dependent on the diameter of the fiber and the wavelength of light utilized [58]. Optical fibers are used for several applications and, in addition to communication, lighting, and imaging, they are used as sensors. The principle of optical fiber gratings, in particular, is based on periodic changes in the refractive index along the core of optical fibers. Fiber gratings are classified into two main types: short and long-period gratings, e.g., short period gratings, also known as Fiber Bragg Gratings (FBGs), reflect specific wavelengths while transmitting all others. As a result, FBG can be used as an inline optical fiber to block specific wavelengths, making it suitable for sensing applications [59,60]. Optical fiber systems can also be based on interferometric techniques, which use the interference between two beams propagating through different optical paths of a single fiber or two different fibers. Optical fiber interferometers can be dived into four main categories: Sagnac, Mach-Zhnder, Michelson, and Fabry-Pérot interferometers [61].






4. Applications of Smart Materials


Nowadays, SMs play an important role in modern society and are progressively being employed in various fields of technology, including automotive and aerospace, robotics, civil engineering and construction, marine systems, and biomedical. According to a 2022 report [62], the worldwide SMs market reached a value of USD 47.36 billion and is continuously growing, with the expectation that it will reach a value of USD 92.48 billion by 2027. The increased use of SMs is due to technological evolution in several applications, e.g., actuators, sensors, shock absorption, vibration damping systems, shape control, structural integrity, automatic on/off switches, and operational maintenance, because of some unique properties of these materials. SMs are characterized by extreme flexibility of use and manufacturing. In fact, in addition to the more traditional methods for the production of systems based on SMs, new technologies based on rapid prototyping methods for the production of ever-smarter systems are increasingly growing [63,64,65]. In the following sections, examples of the main applications of SMs in the biomedical field will be illustrated, with a focus on systems actually implemented for force measurement.



Biomedical Field of Application


Due to their extreme flexibility, one of the most promising fields for SM application is the biomedical field, which is the field of interest of this review article. Applications in the biomedical field primarily focus on biomedical monitoring and measurement, biomedical information processing, and biomedical treatment. Based on the device application, a broad range of rigid and flexible materials are used to create biomedical systems that satisfy parameters, including biocompatibility, durability, stretchability, form factor, washability, sensitivity, selectivity, and self-healing property [66,67,68,69]. With SM-based devices, it is possible to carry out constant monitoring of human activities, which can help trace the evolution of a disease and, consequently, administer the necessary treatments. To do this, a wide variety of SMs offer multiple applications in the biomedical field, which can be divided into three main categories:




	
devices and systems for diagnostics and monitoring;



	
surgical instruments and therapeutic devices;



	
implants, prostheses, and rehabilitation devices.








Biocompatibility is a key feature because medical devices are composed of transducers that are in contact with human tissue and interact with biological substances [70]. In particular, piezoelectric materials are biocompatible, or can be made biocompatible after encapsulation. PZT’s biocompatibility must be investigated, primarily because the material includes lead, which is toxic to organisms. PVDF, on the other hand, is a suitable option for usage in surgical meshes and sutures due to its inertness, and its piezoelectricity makes it an appropriate material for wound healing [71]. As regards SMAs, because of their excellent biocompatibility, corrosion resistance, and kink resistance, Nitinol has a wide range of applications in medicine, particularly in orthodontics, drug delivery systems, self-expanding stents, implant devices, atrial occlusion devices, and ophthalmology [72]. Existing magnetostrictive materials for biomedical applications are currently limited. Terfenol-D has good magnetostrictive characteristics but restricted machinability and probable biotoxicity due to the high quantity of rare earth elements. Fe-Ga alloys, on the other hand, have demonstrated good extracellular and intracellular responsiveness, but their saturated magnetostriction is limited for giving effective mechanical stimulation [73]. Biocompatibility of optical fibers is determined by the type of material they are made of, e.g., ceramics, hydrogels, synthetic polymers, and natural materials that offer applications in the biomedical field ranging from optogenetic stimulation to surgery, phototherapy, biochemical sensing, and imaging [74].



Piezoelectric materials are used in diagnostic systems as ultrasonic transducers [75], but also as actuators for microdevices such as micropumps, microvalves, and microgrippers. The shape-memory effect of SMAs is also used for this type of application [76,77,78]. Piezoelectric materials are also used for tissue stimulation and tissue regeneration, as in the case of bone repair [79,80]. Piezoelectric materials, pyroelectric materials, and thermoelectric materials are used in energy harvesting systems for powering wearable or implantable devices [81]. Another application made available by piezoelectric and magnetostrictive materials is their use as biosensors for the detection of several types of viruses, including among the most recent applications in the detection of SARS-CoV-2 [82]. SMAs also offer multiple applications in the biomedical field; among the most widespread applications is their use in orthodontic and orthopedic prostheses, in hand motion devices for patients with reduced mobility and for the movement of atrophied muscles, but also as coronary, carotid, and femoral stents and as feedback devices in surgical instruments [83,84,85,86]. As soft gripper actuators, piezoelectric materials and SMAs are both used. SMAs have a slower response time than piezoelectric actuators, but these actuators, on the other hand, cannot deform as much as SMAs [87]. Delicate manipulation is frequently required for effective surgical procedures, but metallic grippers offer far from ideal pressure distribution. The soft nature of these devices allows for better force distribution, resulting in adaptive closure and gripping with self-limiting applied force, thus avoiding tissue damage [88]. Due to the flexibility provided by soft grippers, an exact measurement of applied force is not required for this application. Magnetostrictive materials are used in biomagnetic field measurement, wireless implantable devices, and mechanical stimulation of cells to control proliferation and functions [73]. Optical fibers have a wide range of biomedical uses, including robotic eye surgery, gastroscopy, colonoscopy, and flow monitoring in pulmonary ventilators [18,89,90].





5. Force Measurement for Biomedical Applications


Most therapeutic, surgical, and drug-delivery devices require a force change to function properly. The applied force by the device can be varied automatically by the actuation system, manually by an operator or directly by the patient. In micro- and macro-manipulation, there is a growing need to consider the interaction between the manipulated object and the manipulator [91]. As a result, embedding force-sensing technology into these devices could provide real-time force feedback and is a challenging target that can go a long way toward satisfying patient needs; in some situations, it is required for the application to carry out, such as biological tissue characterization and objects manipulation. Embedding force-sensing technology into a medical device requires a compromise between functionality and adaptability. Therefore, the issue to be resolved is determining the best force-sensing technology to employ in order to improve the device without introducing more burden to the end user. Traditional methods of force evaluation rely mainly on strain and displacement measurements, which can be accomplished with strain gauges and LVDT (Linear Variable Differential Transformer) or capacitive sensors, respectively. In particular, in the biomedical field, in situ forces are usually measured with strain gauge-based transducers [92]. Piezoelectric materials, on the other hand, can be considered conventional methods because they have been studied and implemented for many years. Many force measuring applications require both strain gauge and piezoelectric force transducers. The choice between them is determined by the application’s specifications. Piezoelectric sensors can provide good dynamic measurements, especially when compact size is required. While in heavy duty industrial applications, strain gauge transducers are more common. After presenting the main methods based on different types of SMs, their performance and main metrological characteristics, including measuring range, sensitivity, linearity, and accuracy, will be compared and resumed in tables.



5.1. Force Measurement Using Piezoelectric Materials


Piezoelectric materials are among the most popular SMs for force measurements, and among them, the most common are PZT and PVDF. Methods based on both the direct and inverse piezoelectric effect are used to make force measurements with these materials. Through the direct piezoelectric effect, it is possible to quantify the electrical charge produced by deformation due to the applied force and measure its magnitude. Conversely, methods based on the inverse piezoelectric effect require a power supply to oscillate the piezoelectric sensor. The effective mass and stiffness of the sensor structure determine resonance frequency, and when the sensor is deformed by an applied force, the stiffness varies proportionally. The force applied to the sensor not only charges the material but also affects other electrical characteristics, such as electrical impedance, and since piezoelectric materials can be thought of as capacitors, it is possible to evaluate the applied force by measuring changes in its capacitance. Finally, it is known that the applied force directly affects the decay time constant of piezoelectric sensors. As a result, it is also possible to estimate forces using piezoelectric sensor systems by measuring the decay time constant. Table 2 provides an overview of the main characteristics of different methods based on piezoelectric materials.



5.1.1. Electric Charge Measurement


By applying an external force on the crystal, the charge variation follows a proportionate relationship, as seen in Equation (2), and in the absence of external electric fields, the mathematical expression can be written as follows:


   D i  =  d  i k l    σ  k l   ,  



(6)




where Di is the electric displacement in i direction, dikl is the matrix of piezoelectric coefficients, and σkl the mechanical stress.



In 2005, Kim et al. [93] presented a superelastic alloy microgripper actuated by electromagnetic voice coil motors and equipped with a rectangular piezoelectric PVDF polymer as a force feedback sensor. In order to capture force signals at low frequencies (0.1 to 10 Hz), a commercial charge amplifier was used, and during their experiments, forces with a 1 Hz sinusoidal signal were applied to the sensor. The maximum force detected by the PVDF sensor was 13 mN for the task of optical fiber alignment, and 5 mN for tissue handling, with a sensitivity of 25.3 mV·N−1 and linearity of ±6.5%.



In 2008, Liu et al. [94] presented a PVDF sensor based on a cantilever beam structure, able to measure sub-micronewton forces. The sensor was characterized by a length of 25 mm, a width of 10 mm, and a thickness of 0.1 mm. The PVDF sensor was tested in the range of 0–3 µN, with a maximum deflection of the sensor probe tip of 1.05 µm, and its sensitivity was estimated at 0.112 V·µN−1.



In 2011, Wang et al. [95] presented a flexible piezoelectric force sensor based on PVDF fabrics. The sensor was produced using electrospinning technology, which allowed for the growth of PVDF nanofibers on an electrically grounded metal plate. In order to evaluate repeatability and dynamic sensitivity, the sensor was tested under forces with frequencies of 0.05, 0.1, 1, 5, 15, and 20 Hz. Tests were carried out with forces in the range of 3–5 N on eight different sample surfaces to optimize the electrospun PVDF fabrics, thus obtaining a maximum sensitivity of 42 mV·N−1.



Later that year, Xie et al. [96] presented a system for microforces measurement during the process of embryo-injection. The proposed system was composed of a cantilever beam structure, on which a PVDF film was adhesively bonded, and a transducer for the conversion of the output charge into a voltage signal. The PVDF force sensor was tested within a measurement range of 500 g, obtaining a force measurement range of up to 350–1500 µN depending on the cell and needle sizes, a sensitivity of 1–4.3 mV·µN−1.



In 2013, Ren et al. [97] presented a pressure sensor based on poly[(vinylidene fluoride)-co-trifluoroethylene] P(VDF-TrFE) nanofiber web, produced with electrospinning technology. The addition of an appropriate amount of TrFE can improve the crystallinity of the polymer. The sensor was composed of a layer of electrospun nanofiber web sandwiched between two plastic films. Tests were conducted with external forces at a frequency of 1 Hz on different sensors with a different VDF-TrFE ratio in order to evaluate which composition resulted in the sensor with the highest sensitivity. The maximum assessed sensitivity was equal to 60.5 mV·N−1 in the measurement range of 15–50 mN for the sensor with a 77/23 VDF-TrFE ratio. In order to assess the sensor reliability, the authors characterized its response depending on external forces with different frequencies, and the P(VDF-TrFE: 77/23) proved itself capable of sensing external forces up to 20 Hz. The study demonstrated that the sensors were reliable for dynamic forces measurement, thus offering promising applications in a variety of fields, especially in health monitoring.



In 2016, Yu et al. [98] presented a PVDF flexible tactile sensor array for 3-axis contact force distribution measurement. The device, consisting of an array of six tactile sensors in a 3 × 2 matrix configuration, was fabricated with five layers: the outer layers were made of polydimethylsiloxane (PDMS), while inside there was a PVDF film layer sandwiched between two aluminum electrode layers. The upper electrode for each tactile sensor was divided in four square regions, with an area of 1.5 × 1.5 mm2 each. By evaluating the charge amounts and polarities of each touch sensor, it was then possible to assess both the magnitude of the applied force and its direction. The sensor was tested by applying variable forces with a 20 Hz frequency along the three dimensions in the range of 0–1.5 N in the direction perpendicular to the layers (z-axis) and 0–0.5 N in parallel directions (x- and y-axes). The calibration experiments demonstrated a good linearity in force measurement, and in particular, nonlinearities of 2.45%, 2.37%, and 1.74% for the x-, y-, and z-axes, respectively, were estimated. As regard the sensitivities, they were estimated at 14.93 pC·N−1 for the x-axis, 14.92 pC·N−1 for the y-axis, and 6.62 pC·N−1 for the z-axis. Moreover, the sensor was proven to have a low coupling effect, good repeatability, and a frequency response ranging from 5 to 400 Hz.



Ting et al., in [99], presented a 3-axis force sensor made of a PVDF thin-film with a single layer. The proposed sensor with a single layer is not only cost-effective, but it can also be used in limited spaces. It was tested in two different configurations: in general electrode mode and using an interdigital electrode for horizontal-side polarization, in order to enhance the sensor’s sensitivity. The device was tested in both configurations by applying forces in the range of 0–6 N along the three orthogonal directions. It was estimated that the general electrode sensor had a sensitivity of 0.34 V·N−1, 0.37 V·N−1, and 0.41 V·N−1 for the x-, y-, and z-axes, respectively, while by using an interdigital electrode, the sensitivity in the x- and y-axes can be successfully raised to nearly equal the sensitivity in the z-axis, i.e., 0.41 V·N−1 for the x- and y-axes and 0.4 V·N−1 for the z-axis.



In 2017, Wei et al. [100] presented a force sensor in PVDF and macro fiber composite (MFC) films used as fixed-guided flexure beams in a multistage compound parallelogram mechanism. The device was designed to assist the microinjection of cells, and it was able to hold them stably in addition to carrying out the force measurement. To measure the voltages generated by the PVDF and MFC films, a charge amplifier was used. The experimental results demonstrated that the PVDF-MFC force sensor had a sensitivity of 1.23 mV·mN−1 and a measurement range of 100 mN.



Hosseini et al. [101] investigated the effect of different ratios of Multi-Walled Carbon Nanotube (MWCNT) and Cloisite 30B (OMMT) nanoclay on the electrospun PVDF nanocomposites’ performances. For testing the different samples of PVDF, a force between 5 and 6 N was applied, and a sensitivity of 8.8 ± 1.6 mV·N−1 was achieved for the PVDF conventional film sample, while electrospun samples achieved a sensitivity of 8.6 ± 1.2 mV·N−1 in the case of pure PVDF nanofibers, 10.9 ± 1.3 mV·N−1 for the 0.05 CNT/0.1 clay composition, 9.0 ± 1.6 mV·N−1 for the 0.075 CNT/0.075 clay composition, and 8.4 ± 0.9 mV·N−1 for the 0.1 CNT/0.05 clay composition, respectively. Thus, demonstrating how doping MWCNT/OMMT nanoparticles into the PVDF matrix combined with electrospinning technology can significantly improve the sensitivity of the PVDF piezo polymer. In particular, results revealed that the combination of MWCNT/OMMT doping into the PVDF matrix and electrospinning may considerably improve PVDF sensitivity; however, the effect of OMMT on improving sensitivity was greater than the effect of MWCNT.



In 2019, Li et al. [102] presented a PVDF film force sensor for steel ball cold heading machines. The sensor was composed of an under cover main structure and connected with the machine, an upper cover as a floating body where the pressure was applied during the cold heading process, and the PVDF film group, positioned between the two covers. The PVDF sensor was tested at six different loads in the range 550–640 N, and the results showed a sensitivity of 14.6 pC·N−1 with a nonlinear error of 0.197%.



In 2021, Chen et al. [103] presented an instrumented glove for acupuncture force sensing and finger gesture monitoring. The glove was equipped with two piezoelectric sensors placed on the first and second fingers (thumb and forefinger). Each sensor was composed of two outer plastic layers and a PVDF film sandwiched between two copper layers. The devices were tested in the main acupuncture tasks, i.e., twisting and lifting-thrusting phases, in the range of 0.33–1.27 N and 0.23–0.88 N, respectively, with a sensitivity of 0.14 mV·N−1 and 0.18 mV·N−1. The experimental outcomes showed that the glove can detect both normal and shear stress when acupuncturists manipulate needles.



Finally, Royandi et al. [104] designed and developed a prototype piezoelectric sensor for force measurement consisting of a PZT disk. The sensor was characterized by numerical simulations and experimental tests. The obtained results proved that the sensor was able to measure forces in the range 0–100 N, producing an output voltage from the amplifier circuit in the range 0–4 V, thus obtaining a sensitivity of 42 mV·N−1.



As a last remark, it is worth noting that in all the studies reviewed so far, force measurements were carried out under dynamic conditions since, unless particular solutions are made, it is very hard to carry out static measurements using the direct piezoelectric effect because of the decrease in charge due to the capacitive effect of the material.




5.1.2. Resonance Frequency Measurement


In 1996, Ngalamou et al. [105] presented an approach for static force measurement based on a piezoelectric resonator. The sensor was composed of a middle layer of 110 μm PVDF film between two brass electrodes with a 100 μm thickness, two 4 mm rubber sheets, and outer layers made of steel. When forces are applied to this resonator, the resonance frequency shifts. The observed frequency shift was caused mostly by the PVDF-brass interaction. Tests were carried out considering brass electrodes with different surface roughness, i.e., 1 μm, 3 μm, and 10 μm. Experimental results showed that the maximum sensitivity was calculated for the sensor with the 1-micron-thick electrodes and estimated to be 0.92 kHz·N−1 with a measurement range of 0–350 N and linearity of ±2.5%. On the other hand, with the 10-micron-thick electrodes, the maximum measurement range of 0–800 N was estimated, but at the same time it was characterized by the minimum sensitivity value of 0.26 kHz·N−1 and linearity of ± 7%.



In 2000, Gehin et al. [106] investigated a piezoelectric resonant sensor-based static force measurement method. The piezoelectric sensor was composed of a PZT disk, with a thin circular steel plate clamped between two aluminum rings as the framework. An alternating voltage was used to power the prototype sensor, and static stresses were delivered to the diaphragm via an aluminum tube mounted to the circular plate. The prestressed sensor’s resonance frequency (800 Hz) increased linearly as the applied force increased in the range of 0–17.7 N. The sensitivity was determined to be 6.6 Hz·N−1, with linearity of 3.5%. Due to the varied coefficients of thermal expansion and temperature dependency of elastic modulus for the sensor materials, a reasonably high temperature sensitivity (9 Hz·°C−1) was also observed.



In 2003, Barthod et al. [107] presented a piezoelectric resonant sensor with a double-ended tuning fork structure for force sensing applications. The sensor was composed of a thin circular plate, two beams, a tube, and two PZT elements. To reduce the temperature effect, the round plates and beams were fabricated of an Invar alloy with a thermal expansion coefficient close to that of PZT and, to prevent unequal loading effects, the beams were chemically cut directly into the circular plate. When a force was applied to the circular plate via the tube, the beams were likewise stressed, increasing the resonance frequency. The prototyped sensor’s experimental results demonstrated that the resonance frequency grew linearly over the tested force in the range 10.8–30 N. Sensitivity and linearity were determined to be 10.5 Hz·N−1 and 3.6%, respectively. In addition, it is worth noting that the temperature sensitivity was substantially lower at 0.3 Hz·°C−1 when compared to the standard diaphragm design sensor.



In 2017, Safour et al. [108] presented a piezoelectric resonant sensor for high static force sensing applications. For the experiments, a ring-shaped PZT specimen was designed, and it was compressed using a compression machine. According to preliminary experimental data, the resonance frequency increased nonlinearly as a function of the applied force. Lower spectrum quality was detected for forces greater than 500 N due to parasitic vibration modes on the main spectrum, which greatly reduced the force measurement range. The unwanted vibration modes were mostly produced by the fixing conditions at the contact surfaces. To remove this effect, a soft material-based coating, such as rubber or Polytetrafluoroethylene (PTFE), was placed on the ring-shaped PZT. The obtained results demonstrated improved sensor performance with increased linearity and the rejection of parasitic modes. The maximum force range and sensitivity were both estimated to be 1500 N and 1.9 Hz·N−1. Nevertheless, the quality factor decreased due to the layer’s substantial mechanical loss, implying that a suitable soft layer must be designed based on the required sensing applications.



In 2021, Volf et al. [109] presented a tactile sensor with a piezoelectric resonator as its main element. The sensor was composed of a piezoceramics PZK 850 with a thickness of 1 mm, width of 2 mm, and length of 2 mm. The authors investigated two different sensor designs with the same piezo element: in the first design the piezoelectric element was placed horizontally, in the second vertically. The two sensors were also composed of two brass electrodes and an elastic joint. Both sensors were tested with a lever mechanism that could withstand a maximum force of 50 N. Tests of the two sensors were carried out by connecting them to the same oscillator circuit, which allowed the force to be evaluated through the measurement of the voltage output to the circuit. In particular, a sensitivity of −2.32 mV·N−1 was assessed for the sensor with the horizontal PZK 850 element and −0.68 mV·N−1 for the sensor with the vertical piezoelectric element.



Wang et al. [110] developed a tri-axis static force sensor for ultrasonic tools using a PZT-QA ring-shaped element based on the evaluation of the compliance coefficient variation as a function of the applied force. The proposed sensor consisted of two PZT rings, one of which worked as a driver and the other as a sensor. The signals from the rings were connected via a flexible footprint circuit. Experimental tests were carried out by supplying the PZT driver with a peak-to-peak waveform of 20 V and a frequency of 312.7 kHz, and a pulley-guided steel wire rope was used to connect the weights to the PZT force sensor. The ultrasonic wave produced by the PZT actuator ring caused an output voltage to be produced in the sensor PZT ring. The force applied to the detector ring affected the material’s compliance coefficient, which altered the material’s resonance frequency. As a result, the PZT ring’s output voltage could be measured to evaluate external forces. The proposed sensor had a measurement range of ± 150 N, a sensitivity of 4.5 mV·N−1, and a resolution of 2.2 N. The obtained results confirmed that the sensor satisfies the applications of ultrasonic tools, e.g., the ultrasonic cutting of glass requires forces in the range 20 N to 100 N.




5.1.3. Electrical Impedance Measurement


In 2012, Lin et al. [111] presented a sensor for static force measurement using a piezoelectric resonant sensor’s electrical impedance measurement method. The sensor was composed of an unimorph cantilever beam with a PZT disk and an aluminum layer to benefit from simpler designs compared to double-ended tuning fork-type sensors. The top of the beam was subjected to static force, and compression forces were measured using a load cell. The experimental minimum and maximum force ranges were determined to be 0.5 N and 5 N, respectively, based on the linear response and the yield stress of the cantilever. According to the experimental results, the full-scale output of 10.1 × 10−5 Ω−1 in the force range of 0.5–5 N was evaluated, which corresponded to an electrical impedance of 9900 Ω and a force sensitivity of 2200 Ω·N−1. Furthermore, nonlinearity was determined to be 25.4%, with a hysteresis error of 9.2%.



In 2017, Purohit et al. [112] presented a method for precision conductance measurements of a radial mode piezo-resonator under various static loading conditions. The proposed system was composed of a PZT-5 ring disk with a thickness of 6 mm sandwiched between two butyl rubber layers. Conductance measurements of resonators were carried out for radial mode vibrations at frequencies ranging from 42 to 47 kHz and weights ranging from 0.5 to 4 kg. The authors stated that using this method, it was possible to achieve force measurements with an accuracy of 5%.



In 2020, Kim et al. [113] investigated a static force measurement system based on a custom-designed piezoelectric resonator. To take advantage of its high sensitivity to acoustic load, a face-shear mode PMN-PT single-crystal resonator was used as the sensing element in this study. In addition, the notion of a hyperelastic sensor layer was initially established and used to translate applied static force into acoustic load impedance. The elasticity of the sensor layer changed when a force was applied due to the cross-linking system of hyperelastic materials. As a result, the sensing layer’s acoustic impedance increased, because acoustic impedance was influenced by the elasticity and impedance. The acoustic load sensing approach, with face-shear mode piezoelectric resonators, allowed measuring the change in acoustic load impedance owing to elasticity change with high sensitivity. As the acoustic load impedance was directly proportional to the electrical impedance of the sensor, the static force could be evaluated by measuring the resonator’s electrical impedance. Normal forces ranging from 0.1 to 2 N were applied to the sensor for the force sensing test, and the electrical impedance shift of the sensor was detected through the top and bottom electrodes. It was proved that as applied normal forces increased, the electrical impedance rose linearly. The sensor’s sensitivity and accuracy were determined to be 51 Ω·N−1 and 50 mN (2.5%), respectively, in 0.1–2 N range.



Liu et al. in [114] developed a static force sensing method for smart skin applications by measuring electromechanical impedance with a piezoelectric resonator. A PZT plate with a resonance frequency of 900 kHz was placed in skin-like soft silicon rubber material to create a prototype sensor. Calibration weights were employed to provide static forces in the range of 0.5–2.5 N, and the impedance signal was measured using an impedance analyzer with frequency ranges of 0.1–3 MHz. A tactile index was employed as a diagnostic approach that compared average impedance values in order to eliminate the noise effect. Experimental results revealed that the index value grew continuously as the static force increased, and the sensitivity was found to be 1.8% N−1 with a resolution of 0.5 N.




5.1.4. Capacitance Measurement


In 2007, Sekalski et al. [115] investigated a static force sensing method utilizing capacitance measurements with a stacked piezoelectric resonator. For force sensing studies, a commercial PZT piezostack was employed, and tests were carried out by applying normal forces ranging from 730 N to 4 kN. The sensor showed an increase in its capacitance as a function of the force applied, with a sensitivity of 25 nF·kN−1 and a repeatability of ±5%. It was proven that the behavior of the sensor varied as a function of the applied load and, for loads greater than 500 N, the capacitance varied linearly with the force, whereas for loads less than 100 N, there was a nonlinear relationship. This was thought to be due to the piezostack’s high elastic modulus, which made a change in capacitance difficult when small forces were applied. On the other hand, because of its linearity and wide measurement range, the capacitance measurement method employing the piezostack demonstrated potential for large static force sensing applications.




5.1.5. Decay Time Measurement


In 2006, Ozeri et al. [116] presented a static force sensing approach based on the piezoelectric sensor’s decay time constant measurement. The sensor was composed of a disk-shaped PZT element with a 70 kHz resonance frequency sandwiched between two natural rubber layers. The sensor was tested by supplying it with a sinusoidal signal for the excitation and by applying static forces in the range 14.1–141.3 N. After the excitation phase, the current began to decrease exponentially, and the change in current was measured to evaluate the decay time constant. Since the decay time constant directly represented the amount of change in the applied force, it could be used to effectively measure static forces. Nevertheless, this study demonstrated that the decay time decreased nonlinearly as the applied static force increased.





5.2. Force Measurement Using Shape Memory Effect


Unlike piezoelectric materials, studies and patents in the literature on force sensing systems using SMAs are limited to just a few; this may be due mainly to the instability of SMAs under cyclic loading. In particular, the correlation between dislocation slip and martensitic transformation can be utilized to explain the accumulation of plastic stresses, the subsequent redistribution of internal stress, and, ultimately, the instability of cyclic deformation of NiTiNOL. Furthermore, environmental variables, particularly ambient temperature and loading speed, have an impact on instabilities [39,117]. The shape memory effect of SMAs, in which a change in electrical resistance causes or is followed by deformation in response to an applied force, was not addressed for sensors design but was investigated in the literature for the creation of self-sensing actuators. The key benefit of this sensor is that the bending element does not have to necessarily be a cantilever beam; with the right design, any device that can function as a bias, like a spring, may be made to act as a bending. This characteristic allows SMA-based sensors to be easily integrated into any mechatronic system with a simple and appropriate design. SMAs, on the other hand, display hysteresis and exhibit extremely nonlinear behavior. Table 3 summarizes the main characteristics of SMA-based force sensing methods.



In 2010 Lan et al. [118] proposed a method for self-sensing force control of actuators based on SMA wires. Both strain and resistance change of the shape-memory material were measured in order to evaluate the force. To compensate for hysteresis inaccuracies, the resistance curves could be altered by enough pretension force to display very small hysteresis gaps. It was demonstrated that the strain-to-resistance self-sensing paradigm for nonlinear flexure was independent of external loading circumstances. The experimental setup was constituted by a V-shaped Flexinol® wire and a spring that applied a preload to the system, often a bias spring, which was required to recover the detwinned martensite and, as a result, improve the linear behavior and hysteresis of the SMA wire. In addition, the system included two transducers that compared the applied force and strain obtained by the actuator, a load cell and a linear variable differential transformer, respectively. Three Flexinol® wires with different diameters were investigated: 100 µm, 125 µm, and 200 µm. During the testing phase, forces in the 1.7–4.67 N range were applied to the 125 µm thick wire. Since the hysteresis curve was affected by the pretension force as well as the diameter and length of the wire, each wire required a specific analytical model. The authors also implemented this technique in a gripper that was specifically designed to have the morphology and articulation patterns of a human finger. The gripper was made up of three fingers with a total length of 20 mm each, and when the fingers deflected 7.2 mm, the gripper could apply and sense a force of 1.05 N.



In 2017, Ruth et al. [119] developed a load cell that used an SMA wire as a secondary transducer connected between the free and fixed ends of a cantilever beam. Phase transformation caused an increase in electrical resistance in SMAs. The relevance lies in the fact that the relationship between the force applied to the sensor and the associated electrical resistance of the transducer was found to be linear over the operational range, even if SMAs exhibited hysteresis and were highly nonlinear. As a result, the design of the mechanical components of the SMA-based sensor was critical to its linear operation. The mechanical design of the deflection provided reverse hysteresis correction in this scenario. The proposed method involved a Wheatstone bridge circuit, in which the SMA wire was connected in a quarter-bridge configuration. Therefore, when a load was applied, the deflection modified the SMA’s electrical resistance in accordance with the load. A horizontal cantilever beam of 15 cm in length was attached to a vertical support, and the wire was 35 cm long and 150 µm in diameter. The resistance of the SMA wire attached to the free end of the beam changed as follows:
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where ΔR and R denote the change in resistance and resistance of the SMA wire, respectively, ν denotes the Poisson’s modulus, l the length of the beam, E is its Young’s modulus, I is its moment of inertia, L the length of the SMA wire, and F the force applied to the beam. The coefficient 0.1 takes into account the ratio between the beam and the wire deflection. The sensor had a sensitivity of 0.01 V·N−1, linearity of 0.1%, hysteresis of 0.2%, and repeatability of 95.33% in the 0–10 N force range, according to experimental results. The system could measure 0.294 N of force as the lowest force value. Furthermore, the sensor was tested with dynamic loads, and a bandwidth of 10 Hz was determined.



In 2022, Mozhi et al. [120] proposed a force sensor based on SMA wires similar to the one described above, but the operating principle differs between the two systems: in the first one, the SMA wire was employed as a strain gauge and the force was evaluated by measuring the wire’s change in resistance; in this study, force evaluation was carried out by detecting the resonant frequency shift of the device after a force was applied, setting up an SMA-based resonant load cell. The proposed system was composed of an embedded beam, an SMA wire attached to the free end of the beam, and a dead mass. SMA wire was activated to function both as the self-sensor and the vibration inducer of the sensing system. The dead mass value must be adequate to retract the SMA into a deformed condition and provide deformation to the SMA wire during its martensitic phase, allowing for ongoing oscillations. A 15 cm length of 150 µm diameter Flexinol® wire was employed. The prototyped system was designed for a sensing range of 0.785–2.45 N and a sensitivity of 0.8 Hz·N−1.




5.3. Force Measurement Using Magnetostrictive Materials


The inverse magnetostrictive effect, i.e., the Villari effect, is the operating principle underpinning magnetostrictive force sensors. In particular, the magnetic permeability of a material changes as a result of external forces. Galfenol (Fe-Ga), Terfenol-D (TbDyFe), and Fe-Ni alloys are among the most commonly used magnetostrictive materials for force sensors. Table 4 outlines the main characteristics of the described methods.



In 2007, Baudendistel et al. [121] presented a novel magnetostrictive force sensor based on the Villari effect. The proposed sensor was made up of a magnetostrictive inner ring with two grooves cut into the outside surface. A press-fit outer ring made of magnetostrictive material was placed around the inner ring after a single wire was wrapped several times clockwise around the upper groove. When an alternating current was supplied through the wire, the system worked similarly to a self-inductance system, in which the material’s permeability affects the electrical impedance of the wire and, when a load was applied, the permeability and hence the impedance changed, allowing a measurement to be made. The sensor was heated from 20 °C to 140 °C before being cooled to room temperature. Forces ranging from 100 N to 21,000 N were applied as it attained steady-state temperatures along the route. With forces greater than 500 N, the measurement error was less than 4%, but it increased up to 14% when the applied load approached zero. Force sensors frequently experience low-force errors, which can typically be overcome by preloading them in order to avoid the low-force region.



In 2011, Jia et al. developed static [122] and dynamic [123] force sensors using giant magnetostrictive material with the aim of optimizing the sensitivity. At room temperature, giant magnetostrictive materials exhibit magnetostrictive coefficients that are 100–1000 times greater than those of typical magnetostrictive materials. The variation in magnetic flux density can be used to calculate static force. The magnetic flux density, on the other hand, changes dynamically under the action of dynamic forces. Then, using the Faraday effect, an induced voltage is generated in the pickup coil, and the dynamic force is detected by the induced voltage. The giant magnetostrictive force sensor evaluates static force using an integrated linear Hall sensor that measures a magnetic flux density proportional to the variation of magnetic flux density in the giant magnetostrictive material rod as a function of the external force. Terfenol-D was the material used in the sensor, with a length of 44 mm, a diameter of 12 mm, and a pickup coil with 1000 turns. Forces in the range 0–1000 N were applied in increments of 25 N, and the sensor’s sensitivity was estimated to be −0.4 mV·N−1.



In 2015, Ghodsi et al. [124] investigated a force sensor based on a giant magnetostrictive material. The sensor was made up of three major components: a Terfenol-D rod that was deformed by an external force, an excitation coil, and a Hall effect sensor. During the experimental tests, the applied force was made to vary from 0 N to 981 N in 11 steps and then lowered in the same manner. The second parameter was the electrical current through the excitation coil, which was increased in 10 increments from 0.1 A to 1 A. Experiment results showed that the sensor had the highest linearity and sensitivity for a current of 0.8 A. The proposed magnetostrictive force sensor could work in optimal conditions in terms of sensitivity and linearity, with a sensibility of 0.51 mV·N−1 and a maximum non-linearity of 2.8% in the measurement range of 98.1–981 N.



In 2019, Li et al. [125] presented a novel magnetostrictive tactile sensor based on the Villari effect. Aside from the contact conditions between the object and the manipulator, the tactile sensor could properly categorize, identify, and operate objects through the measurement of force and stiffness of manipulated objects. The sensor was made up as follows: a cantilever beam in Galfenol, a typical magnetostrictive material with good durability and low hysteresis; a Hall sensor; and two permanent magnets that produced an axial bias magnetic field for the Galfenol cantilever beam. The results revealed that the relationship between output voltage and force was linear in the 0–5 N range. Within this range, the force was measured with a sensitivity of 114 mV·N−1, a resolution of 0.07 N, and linearity of 3%. Furthermore, dynamic tests were performed, and the results demonstrated that the magnetostrictive tactile sensor had a good response and good sensing accuracy to dynamic forces with frequencies ranging from 2 to 4 Hz.



The same group of researchers presented another tactile sensor for object recognition based on the inverse magnetostrictive effect [126]. The tactile sensor array was constituted by Galfenol wires, a ring permanent magnet, contacts, a skeleton, a stiff base, a column, and Hall sensors. Galfenol wires measured 0.8 mm in diameter and 16 mm in length. The sensor had a sensitivity of 48.07 mV·N−1 and could measure forces ranging from 0 to 2 N.



In 2020, Weng et al. [127] developed a magnetostrictive tactile sensor array based on permanent magnets, Fe-Ga wires, and Hall sensors to measure static and dynamic forces, as well as sample stiffness. A weight was attached to the tip of the sensor unit to generate the static excitation force. A linear motor driven by a sinusoidal signal generated the dynamic excitation force. The tactile sensor unit had a force measurement range of 0 to 3 N and a sensitivity of 126 mV·N−1. In addition, four sensors were installed on a robotic hand for sensor array validation, and four different materials were employed for stiffness assessment. The results showed that the stiffness measurement error was less than 8.3%.



Yu et al. [128] proposed a magnetostrictive micro force sensor with a signal acquisition system designed for Android and Arduino platforms in order to reach out to popular mobile terminal. The main components of the micro force sensor were the transmission rod, soft iron shell, induction coil, permanent magnet, yoke, and Galfenol film, which had a 15 mm diameter and 0.35 mm thickness. A 0.5 N increase in external force was applied from 0 to 10 N for the sensor calibration. The sensor had good linearity with increasing external force, especially in the range of 3 to 10 N, a sensitivity of 0.154 mV·N−1 and a repeatability of 1.07%.



Shu et al. [129] presented an impact force sensor consisting of an electromagnet, magnetic circuit, cantilevered Fe-Ga alloy beam, and pickup coil. The voltage on the pickup coil was proportional to the impact force imparted to the beam’s free end. Three alternative cantilever beam geometries, including a rectangular beam, a uniform I-beam, and a tapered I-beam, were compared in this study. During the tests, impact forces ranging from 0 to 50 N were applied using an impact hammer. Results showed that the sensitivity was nonlinear, and it was particularly low for impact forces less than 20 N. This poor sensitivity zone could be avoided by precompressing the cantilever beam. The experimental results demonstrated that the maximum sensitivity for the tapered I-beam was 2.7 mT·N−1, which was at least 13.5 times higher than the rod sensitivity.



In 2022, Mirzamohamadi et al. [130] introduced a contactless hybrid static magnetostrictive force-torque sensor using Galfenol as the sensitive element. The sensor was made up of connecting rods that held coils together and an external sensor body made of extra-low carbon iron as a magnetic coupler. The magnetic field was generated by sixteen exciting coils connected by 40 turns on connecting rods. Axial force measurement required the passage of magnetic flux in the axial direction through the magnetostrictive material while stimulating opposing rods in the longitude direction. When measuring torsional load, the coils should be stimulated at a 45° angle to the axial direction of the rod. It was proven that when the sensor was measuring axial load, the torsional load had no effect on the sensor’s response. On the other hand, when the sensor was configured to measure torsional load, the axial load had a small effect (approximately 3%) on the output voltage. The sensor had its maximum sensitivity at 2 A and 500 Hz. Under ideal conditions, the sensor’s maximum sensitivity was 0.075 mV·N−1 and 2.24 mV·N−1m−1 for axial and torsional load measurements in the ranges 196–3400 N and 5–20 Nm, respectively. In axial and torsional load measurements, the maximum linearity error was 3.75% and 3.8%, respectively. The repeatability of the sensor was evaluated at 2.11% for axial load measurements and 2.2% for torsional load measurements.




5.4. Force Measurement Using Optical Fibers


Historically, optical fibers were widely used in the telecommunications industry and in the biomedical field, in which they allowed illumination inside the organs during endoscopic procedures. Over time, the same technology allowed carrying out other tasks and created transducers for tracking parameters of interest, for both diagnostic and therapeutic applications, as well as innovative methods for force measurement. Force measurements with fiber-optic-based devices are primarily based on two operating principles: FBG and interferometric sensors. When a fiber optic, which houses an FBG, is interrogated with polychromatic radiation, only a small range of wavelengths is reflected by the FBG. The central wavelength of such a range, known as the Bragg wavelength, can be described as a function of the core’s effective refraction index and the grating’s spatial period. FBG technology enables the fabrication of sensors with good metrological properties, such as high accuracy, wide bandwidth, wide dynamic range, and high strain and temperature sensitivity. However, to determine the wavelength of the reflected light, the measurement chain must use expensive equipment. In terms of interferometric fiber optic force sensors, they are mainly based on Fabry-Pérot interferometers (FPIs). In general, a Fabry-Pérot interferometer is made up of two parallel reflecting surfaces separated by a specific distance. Interference arises as a result of multiple superpositions of both reflected and transmitted beams on two parallel surfaces. Table 5 outlines the main characteristics of optical fiber-based force measurement systems.



In 2011, Song et al. [131] developed an optical FBG force sensor that could be used in minimally invasive robotic surgery. Eight FBGs were investigated in this study to assess the strains of a load cell. Four of them were utilized to measure the force on the tooltip, while the remaining four FBGs were not impacted by any force since they served for temperature compensation. According to experimental results, the sensor had a measurement range of up to 10 N, a measurement error of less than 0.1 N, and a resolution of 0.05 N.



In 2012, Liu et al. [132] proposed a miniature fiber-optic force sensor for vitreoretinal surgery based on low-coherence Fabry-Pérot interferometry. The sensor was made up of three lead-in single-mode fibers with a cladding diameter of 125 µm. Three FPIs were used for the simultaneous acquisition of data from three separate channels, allowing for the force measurement in three dimensions, with components both parallel and perpendicular to the tool shaft. The flexure deformed proportionally to the applied force, causing changes in the lengths of the FPI cavities that were utilized for the force computation. Testing weights were mounted to the force sensor in the axial force calibration experiment. Each testing weight was 0.897 ± 0.005 mN, and for each test, a different number of weights were added to the sensor, yielding forces ranging from 5 to ~18 mN. The experimental results show a maximum sensitivity of 43.2 nm·mN−1.



In 2013, Moerman et al. [133] presented a computer-controlled soft-tissue indentor equipped with an optical FBG force sensor. The device was designed for tissue characterization, and the force sensor was installed in the indentor head’s piston shaft. The FBG for force measurement and calibration revealed that force difference percentages were lower than 3.1% for forces in the range 0–15 N, with a maximum total force difference magnitude of 0.043 N. When forces greater than 1 N were taken into account, the maximum force difference percentage dropped to 1.2%.



In 2013, Polygerinos et al. [134] presented the design and testing of a triaxial force sensor based on reflecting light intensity modulation that could be used in cardiac ablation procedures. Fast prototyping processes offer a low-cost production alternative for the sensor design. The proposed catheter force sensor was designed to be inserted into the heart’s blood vessels and chambers; therefore the development of a liquid-tight sensor was needed. The sensor consisted of three single optical fibers and a flexure-mounted reflector that could move freely in all directions. The sensor had a measurement range of 0–0.5 N, a resolution of less than 0.01 N, a measurement accuracy of 6%, and linearity of 4%. The sensitivity was evaluated in three directions and expressed as a function of the output normalized voltage; it was equal to 1 N−1 for the x- and y-axes and 0.5 N−1 for the z-axis.



In 2014, He et al. [135] presented a novel three-degrees-of-freedom force sensing pick instrument for vitreoretinal surgery based on FBG sensors. The sensor was made up of three FBGs attached longitudinally along the instrument shaft at 120° intervals and a fourth inner FBG for the measurement of the strain caused by axial forces. The authors also presented a hybrid force computation algorithm for the estimation of transverse and axial forces using a linear model and a second-order Bernstein polynomial, respectively. In order to measure forces applied to the three-degrees-of-freedom force sensing device, a calibration weight of approximately 21 mN was used. The experimental results revealed a measurement range of ±20 mN, a resolution of 0.08 mN for the x- and y-axes, and maximum errors of 1.2 mN and 0.9 mN, respectively. In terms of the z-axis, tensile forces had a measurement range of 0–20 mN, a resolution of 0.49 mN, and a maximum error of 3.5 mN, while compression forces had a measurement range of −10–0 mN, a resolution of 0.41 mN, and a maximum error of 3.2 mN.



Saccomandi et al. [136] presented the design and characterization of a force sensor based on an FBG. The proposed sensor was based on a sensing element made up of a fiber optic and two FBGs reflecting two distinct Bragg peaks. Two alternative prototypes were developed to assess the sensor’s performance: only one configuration had the fiber encapsulated in a PDMS layer. The latter exhibited a linear response across the entire measurement range of 0–4200 mN. Nonetheless, there was a minor asymmetry in the linear decline of FBG outputs when force was applied. The cause was most likely PDMS inhomogeneity, and sensitivity values of −0.07 nm·N−1 and −0.110 nm·N−1 were evaluated, respectively. On the other hand, the sensor without PDMS had a non-linear response in the measurement range of up to 250 mN, but it had a higher sensitivity of 6.8 nm·N−1. Further tests were performed on the configuration without PDMS by applying force to the center of one FBG. Experimental results demonstrated that the output from the differential configuration was linearly proportional to the applied force over the entire calibration range of 0–250 mN, but the main disadvantage of this method was the reduced sensitivity (0.27 nm·N−1).



In 2016, Bützer et al. [137] presented the design and characterization of a low-cost, 3D-printed grip force sensor, based on a commercial intensity-based fiber-optic sensor. The device was made up of a compliant monobloc frame with flexible hinges that converted grip force into a linear displacement measured by a fiber-optic sensor. Two fiber-optic channels could be found on the sensor head and cable. The first channel emitted light, which was reflected on the mirror mounted on the center bar of the compliant construction, while the second channel gathered a fraction of the reflected light. The compliant structure was composed of polylactic acid (PLA) manufactured using a fused filament fabrication process. PLA is a biodegradable thermoplastic material, compatible with magnetic resonance imaging systems. The device was tested using two different protocols for force ranges of up to 800 and 500 N, respectively. The relative nonrepeatability and relative hysteresis were both less than 1% for both force ranges, and the accuracy was 5.99% for 800 N and 1.57% for 500 N. Furthermore, the sensitivity for 800 N was somewhat lower, at 0.843 ± 0.003 mV·N−1 versus 0.978 ± 0.005 mV·N−1 for 500 N.



In 2017, Al-Mai et al. [138] developed a low-cost, compliant 3-axes fiber-optic force sensor with an adjustable measurement range able to measure normal and shear forces simultaneously. The prototype was designed and constructed as a single sensor unit that could be used in a variety of biomedical applications, such as shoe insoles, collision detection, and human-machine interface. The sensor consisted of three reflective surfaces for each sensor, located in the center of a square rigid aluminum plate, and six optical fibers: two optical fibers for each direction, i.e., x-, y-, and z-axes, one transmitting and one receiving fiber. To properly fix and place the fibers into the device, three plastic holders made of Acrylonitrile Butadiene-Styrene (ABS) material were 3D printed. The prototype was tested by applying forces ranging from 0 to 140 N along the x- and y-axes, as well as normal forces ranging from 0 to 1000 N.



Shin et al. [139] proposed a miniaturized fiber-optic tri-axial force sensor based on FBG. The FBG force sensor developed in this work consisted of two main parts: a flexure tip and three FBG optical fibers mounted along the flexure at 120° intervals to measure 3-axes forces. In order to carry out a characterization, increasing forces in 9.8 mN increments between 98 and 490 mN were applied to the FBG force sensor.



In 2020, Lv et al. [140] presented a novel FBG-based palpation force sensor for investigating tissue abnormalities during minimally invasive surgery. This sensor consisted primarily of a force-sensitive flexure and a suspended optical fiber inscribed with an FBG element, as well as a threaded contact head and a sensor holder connector. The flexure design was developed and prototyped utilizing a rigid-body replacement method using the configuration synthesis of Sarrus linkage. During the static force calibration trials, axial forces in the range of 0–5 N were applied at 0.5 N intervals. The axial sensitivity was evaluated at 392 pm·N−1, with a resolution of 2.55 mN and linearity error of 0.97%.





6. Discussion


In this review, recent progress in SM-based force measurement methods is systematically summarized. A survey of the challenges in characterization, fabrication, and reliability is presented. Among all SMs, only four types are used for force measurement; in particular, the methods presented in this review are based on systems using piezoelectric materials, SMAs, magnetostrictive materials, and optical fibers. Through numerical and experimental efforts, some unique characteristics have been highlighted and compared for force measurement methods based on the aforementioned materials. The results obtained from several studies in the literature highlight that the presented solutions for force measurement cover many different measurements ranging from a few micronewtons, i.e., 3 µN, to kilonewtons, i.e., 21 kN, thus offering a wide range of possible applications in the biomedical field, ranging from micromanipulation and minimally invasive surgery techniques to the implementation of sensors for rehabilitation systems. Force measurement systems based on piezoelectric materials are the most investigated in the literature and can measure forces ranging from 3 µN to 4 kN using five principles: electric charges, resonant frequency, electric impedance, capacitance, and decay time measurement.



There are always specific objectives to be met when it comes to comparing different materials. Typically, it is possible to represent these goals using one or more performance indices, while material properties can be presented in various charts [141]. However, it should be noted that not all objectives can be represented in performance indices, and there are no unified standards that fit all SMs considered in this overview. Figure 6 depicts qualitatively some of the metrological properties, i.e., accuracy and sensitivity, of the SM-based systems discussed in the previous sections. The different materials are distinguished by color, and Figure 6a shows the accuracy expressed as the percentage of the maximum value of the force measurement range.



Sensitivity, as shown in the tables in Section 5, is affected by the operating principle of each type of SM and by the measurement chain reported in the various research studies. In Figure 6b, only the SM-based systems with sensitivity expressed as V·N−1 were considered for peer comparison.



SMA-based systems are among the least utilized materials for force measurement, and all of the examples given use NiTiNOL wires and are capable of monitoring forces ranging from 0.3 to 10 N. The presence of few systems used for force measurement based on SMAs could be related to the instability of these materials under cyclic loading. Furthermore, environmental variables, specifically ambient temperature and loading speed, influence the instability. Moving to systems based on magnetostrictive materials, these are capable of measuring forces ranging from a minimum of 2 N to a maximum of 21 kN. Lastly, force measurement devices based on optical fibers can measure forces ranging from 5 mN to 1 kN. Table 6 shows an overview of the measurement ranges of the systems based on the four types of SM presented above. In particular, the table highlights how many orders of magnitude each system is capable of measuring from a qualitative point of view. The force measurement range of the compared systems determines the field of application in which they are used.



Table 7 indicates the actual application ranges for which the systems mentioned in previous sections were employed or specifically designed. The applications listed in Table 7 range from operations requiring force on the scale of micronewtons, e.g., micromanipulation, robot-assisted microinjection, and minimally invasive surgery, to force on the order of kilonewtons, e.g., weight measurement and impact force or collision sensors. It should also be noted that not all the applications mentioned are related to the biomedical field, e.g., cold heading monitoring or car brake systems, but since they are compatible with the other described methods in terms of measurement range and operating principle, they might also be utilized in biomedical applications. It is worth noting that hybrid SM-based systems can also be found in the literature, e.g., hybrid piezoelectric actuators [142]. These systems can sense more than one stimulus and react with one single output, thus increasing the range of applications.



Although the results presented so far show how different methods can measure the same range of force, each of the SMs considered is characterized by its own strengths and weaknesses. Table 8 summarizes the main advantages and drawbacks of the SM-based methods. The table shows that some of the advantages of the abovementioned systems condition their potential applications, such as in the case of piezoelectric materials, whose miniaturization would allow the measurement of micro-forces for MEMS systems. In addition, the methods presented are based on biocompatible systems and may be used in applications where metallic materials are not permitted, as in the case of systems based on optical fibers, which are compatible with MRI systems.



Furthermore, the main advantages and drawbacks of strain gauges are outlined in Table 8 in order to carry out a comparison between SM-based methods and a traditional method for force measurement in the biomedical field.



Table 8 shows that the advantages and drawbacks of SM-based methods are comparable with each other and with those of traditional strain gauge-based methods. Although the design of strain gauge-based transducers appears to be more sophisticated at first appearance, the electrical circuitry of strain gauges provides many compensating choices, allowing strain gauge-based force transducers to achieve remarkable accuracies.



In conclusion, the choice of SM type is mostly determined by the requirements of the application, since the same force measurement range, accuracies, and sensitivities can be obtained using different materials and operating principles, e.g., the presence or absence of metallic materials or the passage of an electric current.



Limitations were encountered during the writing of this review, mainly because the literature in the field is fragmented and uneven. In particular, not all studies considered a complete overview of the metrological and performance characteristics of the proposed methods, making their evaluation more difficult. Moreover, for this reason, other studies in the literature were excluded because the information reported was not sufficient to make a fair comparison. Despite the limitations encountered during the review processes, the promising results presented in the literature confirm that SMs offer a wide range of applications, particularly in the biomedical field, and that the development of novel methods and systems for force measurement is contributing to smart system improvement, e.g., the development of self-sensing surgical instrumentation for a real-time force feedback. Scientific research on SMs is in continuous progress. Figure 7 shows the number of scientific documents, e.g., research articles, conference proceedings, and books, published in the literature in the past fifty years. In particular, Figure 7b shows the number of published papers by year concerning MSs in the biomedical field.



When compared to the field’s literature, shape memory materials are undeniably among the most interesting in terms of scientific research and, as a result, among the most amenable to improvement. With the use of increasingly high-performance piezoelectric materials, the field of application continues to expand, particularly because they can be biocompatible after specific additional treatments, granting them the status of piezoelectric biomaterials with an excellent prospect for application in many biomedical devices [143]. Magnetostrictive materials are also a hot topic in research, particularly in the development of new magnetostrictive materials that are increasingly smart and with a special emphasis on their biocompatibility, as they may open up new challenges in regulating cellular behavior, though studies on iterations between magnetostrictive materials and biological samples are still in their infancy [73]. As a last remark, it should be noticed that alternative systems can also be found in the literature even if they have not been classified as SMs. Among them electrothermal and electrostatic actuators for biomedical applications can be included [144,145,146,147].




7. Conclusions


The present paper has offered an overview of the scientific literature on the most recent breakthroughs in SMs and their uses for force measurements, with a focus on their applications in the biomedical field. Nowadays, there is a lack of analyses in the scientific literature that cover all of the SM types taken into consideration in this overview, i.e., piezoelectric, shape memory alloys, magnetostrictive, and optical fibers. In particular, over fifty scientific articles from leading scientific research search engines and technical and medical journals were considered for evaluating the performance of the main methodologies proposed in the literature. The studies were compared based on their outcomes and applications, focusing on metrological properties such as measurement range, linearity, and measurement accuracy.
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Figure 1. Smart Materials classification: examples of active and passive SMs. 
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Figure 2. Graphical diagram of the interconnections between external stimuli and the respective responses of active SMs [31]. 
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Figure 3. SMAs undergo phase transformation: (a) between the three different crystals and (b) temperature hysteresis. 
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Figure 4. Strain trend of a magnetostrictive material due to changes in the magnetic field. 
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Figure 5. Schematic diagram of the different effects of a magnetostrictive material [48]. 
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Figure 6. Qualitative charts representing (a) the accuracy expressed as the percentage of the maximum value of the force measurement range and (b) the sensitivity expressed in terms of V·N−1 as a function of the measurement range. 
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Figure 7. Scientific documents published by year concerning (a) smart materials, and (b) smart materials in the biomedical field. Source: Scopus (June 2023). 
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Table 1. Examples of active SMs behavior depending on different stimuli.
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Material

	
Input

	
Output






	
Piezoelectric

	
Electric field

	
Mechanical strain




	
Mechanical load

	
Electric potential




	
Pyroelectric

	
Thermal load

	
Electric potential




	
Electric field

	
Temperature change




	
Thermoelectric

	
Thermal load

	
Electric potential




	
Electric field

	
Temperature change




	
Shape memory alloys

	
Thermal load

	
Mechanical strain




	
Magnetic field




	
Magneto-
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strictive

	
Magnetic field

	
Mechanical strain




	
Mechanical load

	
Magnetization




	
Electro-

	
Electric field

	
Mechanical strain




	
Mechanical load

	
Electric potential




	
Magneto-
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active polymers

	
Magnetic field

	
Mechanical strain




	
Electro-

	
Electric field




	
Photovoltaic

	
Incident light

	
Electric potential




	
Magneto-
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rheological fluids

	
Magnetic field

	
Viscosity change




	
Electro-

	
Electric field




	
Photo-
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chromic

	
Incident light

	
Color change




	
Thermo-

	
Thermal load




	
Magneto-

	
Magnetic field




	
Electro-

	
Electric field




	
Piezo-

	
Mechanical load




	
pH-sensitive

	
pH change

	
Color change
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Table 2. Comparison among force measurement methods using piezoelectric materials.
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Material

	
Measurement Range (N)

	
Accuracy

	
Sensitivity

	
Linearity (%)

	
Ref.






	
PVDF film

	
(0–5) × 10−3

(0–18) × 10−3

	
N.A.

	
25.3 mV·N−1

	
6.5

	
[93]




	
PVDF cantilever beam

	
(0–3) × 10−6

	
N.A.

	
0.112 V·µN−1

	
N.A.

	
[94]




	
PVDF fabrics

	
3–5

	
N.A.

	
42 mV·N−1

	
N.A.

	
[95]




	
PVDF film

	
(0.35–1.5) × 10−3

	
N.A.

	
1–4.3 mV·µN−1

	
N.A.

	
[96]




	
P(VDF-TrFE) nanofibers (1)

	
(20–60) × 10−3

(15–50) × 10−3

(15–55) × 10−3

	
N.A.

	
32.9 mV·N−1

60.5 mV·N−1

40.6 mV·N−1

	
N.A.

	
[97]




	
PVDF film (2)

	
0–0.5

0–0.5

0–1.5

	
N.A.

	
14.93 pC·N−1

14.92 pC·N−1

6.62 pC·N−1

	
2.45

2.37

1.74

	
[98]




	
PVDF film (2)

	
0–6

	
N.A.

	
0.34 V·N−1

0.37 V·N−1

0.41 V·N−1

	
N.A.

	
[99]




	
0–6

	
N.A.

	
0.41 V·N−1

0.41 V·N−1

0.4 V·N−1

	
N.A.




	
PVDF-MFC films

	
(0–100) × 10−3

	
N.A.

	
1.23 mV·mN−1

	
N.A.

	
[100]




	
PVDF nanofibers

	
0–6

	
N.A.

	
8.3 ± 1.2 mV·N−1

	
N.A.

	
[101]




	
PVDF-MWCNT-Cloisite 30B nanofibers (1)

	
0–6

	
N.A.

	
10.9 ± 1.3 mV·N−1

9.0 ± 1.6 mV·N−1

8.4 ± 0.9 mV·N−1

	
N.A.




	
PVDF film

	
0–6

	
N.A.

	
8.8 ± 1.6 mV·N−1

	
N.A.




	
PVDF film

	
0–640

	
N.A.

	
14.6 pC·N−1

	
0.197

	
[102]




	
PVDF film

	
0.33–1.27

0.23–0.88

	
N.A.

	
0.14 mV·N−1

0.18 mV·N−1

	
N.A.

	
[103]




	
PZT disk

	
0–100

	
N.A.

	
42 mV·N−1

	
N.A.

	
[104]




	
PVDF film (3)

	
0–350

0–750

0–800

	
N.A.

	
0.92 kHz·N−1

0.4 kHz·N−1

0.26 kHz·N−1

	
2.5

7

7

	
[105]




	
PZT disk

	
0–17.7

	
0.7%

	
6.6 Hz·N−1

	
3.5

	
[106]




	
PZT

	
10.8–30

	
2%

	
10.5 Hz·N−1

	
3.6

	
[107]




	
PZT ring

	
50–1500

	
N.A.

	
1.9 Hz·N−1

	
6.7

	
[108]




	
PZK 850 (4)

	
0–50

	
N.A.

	
−2.32 mV·N−1

−0.68 mV·N−1

	
N.A.

	
[109]




	
PZT-QA ring

	
± 150

	
N.A.

	
4.5 mV·N−1

	
N.A.

	
[110]




	
PZT disk

	
0.5–5

	
15.1%

	
2200 Ω·N−1

	
25.4

	
[111]




	
PZT-5 disk

	
4.9–39

	
5%

	
N.A.

	
N.A.

	
[112]




	
PMN-PT plate

	
0.1–2

	
N.A.

	
51 Ω·N−1

	
4.3

	
[113]




	
PZT plate

	
0.5–2.5

	
N.A.

	
1.8%·N−1

	
11.2

	
[114]




	
PZT piezostack

	
(0.7–4) × 103

	
N.A.

	
25 nF·kN−1

	
3.6

	
[115]




	
PZT disk

	
14.1–141.3

	
N.A.

	
1 µsec·N−1

	
11.9

	
[116]








N.A. = Not Available; (1) dependence on the material composition; (2) dependence on the direction of the application of the force: x-, y-, and z-axes; (3) dependence on the sensor’s geometric characteristics; (4) dependence on the orientation of the sensing element.
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Table 3. Comparison among force measurement methods using shape memory effect.
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	Material
	Measurement Range (N)
	Accuracy
	Sensitivity
	Linearity (%)
	Ref.





	Flexinol® (NiTiNOL) wire
	1.7–3.2
	N.A.
	N.A.
	N.A.
	[118]



	Flexinol® (NiTiNOL) wire
	0.3–10
	4.7%
	0.1 V·N−1
	0.1
	[119]



	Flexinol® (NiTiNOL) wire
	0.785–2.45
	N.A.
	0.8 Hz·N−1
	N.A.
	[120]







N.A. = Not Available.
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Table 4. Comparison among force measurement methods using magnetostrictive materials.
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	Material
	Measurement Range (N)
	Accuracy
	Sensitivity
	Linearity (%)
	Ref.





	Fe-Ni ring
	(0.1–21) × 103
	14%
	N.A.
	N.A.
	[121]



	Terfenol-D rod
	0–1000
	N.A.
	−0.4 mV·N−1
	4.41
	[122,123]



	Terfenol-D rod
	98.1–981
	N.A.
	0.51 mV·N−1
	2.8
	[124]



	Galfenol cantilever beam
	0–5
	N.A.
	114 mV·N−1
	3
	[125]



	Galfenol wire
	0–2
	N.A.
	48.07 mV·N−1
	N.A.
	[126]



	Galfenol wire
	0–3
	N.A.
	126 mV·N−1
	N.A.
	[127]



	Galfenol film
	0–10
	1.07%
	0.154 mV·N−1
	1.5
	[128]



	Galfenol tapered I beam
	0–50
	5.73%
	2.7 mT·N−1
	N.A.
	[129]



	Galfenol rod
	196–3400
	2.11%
	0.075 mV·N−1
	3.75
	[130]







N.A. = Not Available.
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Table 5. Comparison among force measurement methods using optical fibers.
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	Material
	Measurement Range (N)
	Accuracy
	Sensitivity
	Linearity (%)
	Ref.





	FBG
	0–10
	0.1 N
	N.A.
	N.A.
	[131]



	Single-mode optical fibers
	(5–18) × 10−3
	N.A.
	43.2 nm·mN−1
	N.A.
	[132]



	FBG
	0–15
	3.1%
	N.A.
	N.A.
	[133]



	Optical fibers (1)
	0–0.5
	6%
	1 N−1

1 N−1

0.5 N−1
	4%
	[134]



	FBG (1)
	±20 × 10−3

±20 × 10−3

(−10–20) × 10−3
	±1.2 mN

±0.9 mN

±3.5 mN
	N.A.
	N.A.
	[135]



	FBG (2)
	0–4.2

(0–250) × 10−3

(0–250) × 10−3
	N.A.
	−0.07 ÷ −0.11 nm·N−1

6.8 nm·N−1

0.27 nm·N−1
	N.A.
	[136]



	Optical fibers (3)
	0–800

0–500
	5.99%

1.57%
	0.843 ± 0.003 mV·N−1

0.978 ± 0.005 mV·N−1
	10.3 ± 0.1

2.37 ± 0.22
	[137]



	Optical fibers (1)
	0–140

0–140

0–1000
	N.A.
	N.A.
	N.A.
	[138]



	FBG
	(98–490) × 10−3
	N.A.
	N.A.
	N.A.
	[139]



	FBG
	0–5
	N.A.
	392 pm·N−1
	0.97
	[140]







N.A. = Not Available; (1) dependance on the direction of the application of the force: x-, y-, and z-axes; (2) dependance on the sensor’s configuration; (3) dependance on test protocol.
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Table 6. Schematic overview of force measurement ranges [93,94,95,96,97,98,99,100,101,102,103,104,105,106,107,108,109,110,111,112,113,114,115,116,118,119,120,121,122,123,124,125,126,127,128,129,130,131,132,133,134,135,136,137,138,139,140].
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(1) Dependence on the material composition; (2) dependence on the direction of the application of the force: x-, y-, and z-axes; (3) dependence on the sensor’s geometric characteristics; (4) dotted line indicates negative values of force; (5) dependence on the sensor’s configuration; (6) dependence on test protocol.
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Table 7. Applications of SM-based methods for force measurement.
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Material

	
Ref.

	
Application






	
Piezoelectric

	
[93,94]

	
Micromanipulation




	
[95]

	
Physiological parameters sensing




	
[96,100]

	
Robot-assisted microinjection




	
[97]

	
Pressure sensor




	
[98]

	
Tactile sensor




	
[102]

	
Cold heading monitoring




	
[103]

	
Acupuncture monitoring




	
[106,107]

	
Weight measurement




	
[109]

	
Robotics




	
[110]

	
Ultrasonic tools




	
[111]

	
Automation assembly system




	
[113]

	
Elasticity measurement




	
[114]

	
Tactile sensor for robotic gripper




	
Shape memory alloys

	
[118,119,120]

	
Strain feedback




	
Magnetostrictive

	
[121]

	
Car brake system




	
[125]

	
Stiffness measurement




	
[126]

	
Tactile sensor for object recognition




	
[127]

	
Tactile sensor for stiffness measurement




	
[128]

	
Industrial control, robotics




	
[129]

	
Impact force sensor




	
[130]

	
Drilling, machining, power transmission




	
Optical fibers

	
[131,140]

	
Minimally invasive surgery




	
[132,135]

	
Vitreoretinal microsurgery




	
[133]

	
Soft tissue indentation




	
[134]

	
Cardiac ablation




	
[136]

	
Object manipulation




	
[137]

	
Grip force measurement




	
[138]

	
Ground reaction force measurement,

collision detection




	
[139]

	
Catheter
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Table 8. Advantages and drawbacks of SM-based force measurement methods, and comparison with traditional force measurement method.






Table 8. Advantages and drawbacks of SM-based force measurement methods, and comparison with traditional force measurement method.










	Material
	Advantages
	Drawbacks





	Piezoelectric
	
	
Good frequency response



	
High sensitivity



	
Wide measurement ranges



	
Can be miniaturized



	
Available in desired shape



	
Self-sensing actuation



	
Widely studied in the literature





	
	
Nonlinear behavior



	
High temperature sensitivity



	
Dynamic measures only with the piezoelectric direct effect



	
Produces small strains








	Shape memory

alloys
	
	
High energy density



	
High elasticity



	
Available in desired shape



	
High fatigue life



	
Resistance to corrosive materials



	
Self-sensing actuation





	
	
Slow reaction time



	
Hysteresis



	
Low energy efficiency



	
Nonlinear behavior



	
Little available research on the subject








	Magnetostrictive
	
	
High energy density



	
Fast response time



	
Can operate over large temperature range



	
Low voltage required





	
	
Hysteresis



	
Nonlinear behavior



	
Expensive due to rare earth metals involved



	
Require expansive instrumentation








	Optical fibers
	
	
Good frequency response



	
High sensitivity



	
Immunity to electromagnetic interference



	
Magneto resonance imaging compatibility



	
Flexible



	
Resistance to corrosive materials





	
	
Require expansive instrumentation (transmitter and receiver)



	
Can not transmit electrical power








	Strain gauges
	
	
Fast response time



	
Good accuracy



	
Low voltage required



	
Cheap





	
	
Limited measurement ranges



	
Produce small strains



	
Errors due to misalignment



	
Temperature sensitive



	
Nonlinear behavior
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