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Abstract:

 Shape memory alloys (SMAs) are a class of smart materials characterized by shape memory effect and pseudo-elastic behavior. They have the capability to retain their original form when subjected to certain stimuli, such as heat or a magnetic field. These unique properties have attracted many researchers to seek their application in various fields including transportation, aerospace, and biomedical. The ease process adaption from semiconductor manufacturing technology provides many opportunities for designing micro-scale devices using this material. This paper gives an overview of the fabrication and manufacturing technique of thin-film and bulk micromachined SMAs. Key features such as material properties, transformation temperature, material composition, and actuation method are also presented. The application and micromechanism for both thin-film and bulk SMA are described. Finally, the microactuator devices emphasized for biomedical applications such as microgrippers and micropumps are highlighted. The presented review will provide information for researchers who are actively working on the development of SMA-based microscale biomedical devices.
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1. Intro duction

Today, there is significant attention from the research community for a class of materials called stimulus-responsive materials (SRMs), which are able to respond to a certain stimulus, such as, chemical, light or heat. According to Sun et al. [1], in their extensive review paper on SRMs, this class of materials can be divided into two groups, shape change material (SCM) and shape memory materials (SMMs). Among the types of SMMs that have been developed so far are shape memory polymers (SMPs), shape memory hybrid (SMH), and shape memory alloy (SMA) [2].

Over the years, SMA has been used in diverse applications, such as in transportation [3], aerospace [4,5], and biomedical fields [6]. One of the advantages of SMA compared to the other types of SMMs is the high actuation stress it can provide. Others attractive features of SMA include its ability to provide large strain during mechanical loading (also known as pseudoelasticity), shape recovery upon heating (shape memory effect, SME), and biocompatibility, which make SMA one of the preferred actuators, particularly in biomedical applications. Micromachined SMA microactuators, for example, have been investigated in an extensive range of biomedical areas, including endovascular surgery [7], intestinal obstruction [8], neural interfaces [9], and drug delivery [10]. For these types of applications, a nickel titanium (NiTi) SMA composition is commonly used. Although it is known that pure Ni is a toxic element, Ni-hypersensitivity of the human body has not been reported [11]. While research on Ni-free Ti-based SMAs for biomedical applications is still ongoing [12,13,14,15], NiTi is still among the popular SMAs in biomedical applications.

Despite their favorable features, SMA microactuators possess several drawbacks. One of the limiting factors is SMA formation with a desired transformation temperature. In general, there are two commonly used approaches in fabricating SMA microactuators. In the first technique, a thin-film of SMA is deposited on a substrate. Since the alloy composition, which affects the transformation temperature, can be varied, this technique is preferred. However, the transformation temperature is very sensitive to metallurgical factors such as aging and annealing treatment [16]. In addition, the limited film thickness restricts the mechanical performance of the SMA. Nonetheless, this drawback can be overcome by using bulk SMAs, which are commercially available in a range of thicknesses. Thus far, successful applications of bulk-micromachined SMA microactuators have been demonstrated in various works in the literature [17,18,19]. Besides its mechanical robustness, the bulk-micromachined SMA is also cost effective as expensive equipment is not required for the fabrication and crystallization of this material. In spite of these advantages, to alter the transformation temperature, additional processes such as constraint annealing must be carried out [20]. In addition to that, fabrication that involves bulk materials is not compatible with standard microfabrication processes and could result in additional costs and complex fabrication procedures.

In this paper, a review of the use of thin-film and bulk NiTi SMA in microactuators with an emphasis on the material properties, fabrication techniques, and actuation methods is presented. Detailed information on the SMA transformation temperatures and material composition is given based on the review carried out. The fabrication of thin-film and bulk SMA is also thoroughly discussed along with relevant literature. Finally, devices and other biomedical devices are reviewed and reported.



2. Thin-Film SMA

A thin-film is a layer that is normally formed by the vapor-deposition process. It can be fabricated by deposition of individual atoms on a substrate. The study of thin-film material started back in the nineteenth century. While research on SMA began in the early 1930s [1], initial attempts at integrating NiTi thin-film SMA in microelectromechanical systems (MEMS) only started in 1990, when it was demonstrated by Walker et al. [21].

The most common method for depositing NiTi thin-film is sputter deposition. Among the well-known types of sputtering system are DC magnetron [22,23,24], Radio Frequency (RF) magnetron [25,26], and ion-beam systems [27]. Besides sputtering, other reported methods include flash evaporation [28,29], pulsed laser deposition [30,31,32,33,34], filtered arc deposition [35], cluster beam deposition [36], and cathodic arc plasma ion plating [37]. By using the sputtering technique, a film with a thickness of up to 30 μm can be deposited, as reported in [38]. In sputter deposition, atoms are ejected from the target sourceand deposited onto a substrate due to bombardment of high-energy particles from sputtering gas such as argon. This technique allows the deposition to be performed at low temperature [39], thus eliminating thermal coefficient mismatch with the substrate and the deposited thin-film. Moreover, the deposition process can be tailored to achieve the desired transformation temperature by varying either the target material composition or the in-situ deposition parameters [40,41]. This technique, however, poses a challenge in term of controlling the thin-film composition resulting from differences in sputtering yields from the target material. Parameters used during sputtering such as air purity during the vacuum process, gas pressure, temperature, annealing, sputtering power, and so on must be optimized to get the desired stoichiometry, which has an effect on the properties and characteristics of the thin-film.

Apart from the uniformity issue [42], sputter-deposited NiTi thin film is known to have a slight deficiency in the Ti element compared with the target alloy [43]. To overcome this problem, the co-sputtering technique has been investigated using either separate targets for Ni and Ti [44] or NiTi with an additional Ti target [41,45,46]. In [41], Schell et al. reported the possibility of using in-situ X-ray diffraction (XRD) to design the phase content of NiTi SMA thin-films by varying the power of co-sputtering NiTi with an additional Ti target. Although the thin-films are successfully controlled and manipulated in real-time, this setup requires additional equipment such as XRD and X-ray reflectivity (XRR) to be integrated into the available sputtering system. This will significantly increase the cost and complexity of the overall system. A less complex, and more economical method, of depositing Ti-rich NiTi SMA was reported by Seong et al. [44]. In [44], co-sputtered thin-films were sandwiched between two Ti plates prior to heat treatment to make them Ti-rich. This technique eliminates extra equipment and procedures compared with the technique performed by [41].

A small change (a fraction of one percent) in alloy composition can cause significant differences in the shape memory properties and transformation temperature [47,48]. The effect of different atomic compositions of NiTi thin-films on the transformation temperature is shown in Table 1. This table is a data compilation of NiTi thin-films fabricated by several researchers with characteristic temperatures associated with phase change: martensite finish (Mf), martensite start (Ms), austenite start (As), and austenite finish (Af). At room temperature, all compositions were in the martensite phase except for the compositions reported in [35,49]. This is in accordance with the fact that Ti-rich thin-film has a transformation temperature near to or above ambient temperature. The film composition is not the only factor that affects the transformation temperature. Surbled et al. [16] reported that Ti-rich film also showed a strong dependence of transformation temperature on heat treatment. The transformation temperature and the transformation temperature hysteresis decrease with the decrease of annealing temperature. This was shown by the compositions in [44,50], which have the same atomic percentage but different annealing parameters. The temperature range for the composition in [44] increased slightly to around 13–27 °C, compared to the composition in [50]. The same is true for the compositions in [51,52].

Table 1. Different compositions of NiTi thin-film shape memory alloys (SMAs) fabricated by several researchers.


	References
	Deposition Type
	Atomic Composition
	Mf (°C)
	Ms (°C)
	As (°C)
	Af (°C)
	Annealing Temperature (°C)
	Annealing Duration (h)





	Yang et al. [35]
	Filtered arc
	Ni51.0at%Ti49.0
	−9
	49
	4
	71
	not available
	not available



	Kim et al. [44]
	Co-sputtering
	Ni49.4at%Ti50.6
	57
	63
	86
	100
	700
	10



	Chun et al. [49]
	Sputtering
	Ni49.5at%Ti50.5
	−17
	−3
	22
	35
	500
	2



	Sanjabi et al. [50]
	Co-sputtering
	Ni49.4at%Ti50.6
	30
	50
	71
	86
	500
	1



	Liu et al. [51]
	Sputtering
	Ni47.4at%Ti52.6
	55
	70
	80
	95
	600
	not available



	Mohanchandra et al. [52]
	Sputtering
	Ni47.5at%Ti52.5
	45
	66
	81
	98
	500
	2










Besides the transformation temperature, another important feature of SMA is the SME, which can be described as the ability of the material to recover its original shape. The phase transition from martensite to austenite occurs when the alloy is heated and the material temperature has reached Af. In this phase, the alloy will regain its deformed shape. Cooling the alloy until it reaches Mf will not cause any physical change. This behavior is called the one-way shape memory effect (OWSME). The two-way shape memory effect (TWSME), however, can exhibit a repeatable shape change under no applied load and thus minimizes the complexity of the actuator’s construction. In other words, the alloy can remember its shape in both martensite and austenite phases. Freestanding films usually show intrinsic TWSME, with large displacement, but relatively small force in actuation [53]. Several studies and approaches have been carried out to fabricate TWSME thin-film SMA. Among these are approaches that employ gradation of composition across the film thickness. Ho et al. [43] reported a novel sputtering procedure to compensate Ti deficiency from a single near-equiatomic NiTi target. In [43], the target was gradually heated up to 700 °C to obtain compositional variation through the film thickness. The transformation temperature varies as result of this, which in turn builds different internal stresses throughout the film thickness. A similar procedure was reported in [54], where TWSME NiTi thin-film is successfully fabricated with a transformation temperature above 25 °C. In [54], NiTi thin-film was deposited on 1 mm-thick Ni56at%Ti44 substrate by using Ni47at%Ti53 as a target. Annealing of the films produced a compositional gradient throughout the film-substrate interface as a result of diffusion. This procedure eliminated the extra power needed to heat up the target as done by Ho et al. [43], and hence reduced the cost. Another method of obtaining composition gradation in thin-films is by co-sputtering using both NiTi and Ti targets and varying the target power [55,56]. Varying the target power affects the sputtering rate of each target, resulting in gradation of the thin-film.

The other factor that contributes to TWSME is the precipitation process. The precipitate formation is normally obtained by aging and is very sensitive to heat treatment. For this reason, Sato et al. [57] studied the optimum aging conditions for TWSME of sputter-deposited thin film. They reported that sputter-deposited Ni-rich Ni51.3at%Ti48.7 thin-film showed excellent TWSME when aged under constraints at 400 °C for 100 h. They observed that the film aged at 300 °C showed different behavior from the film aged at 500 °C, even with the same aging time, as shown in Figure 1. In boiling water, both films bent in the same direction as the constrained direction (Figure 1a,c), but in iced water, the film aged at 300 °C bent forward (Figure 1b), while the film aged at 500 °C bent backward and showed the opposite curvature (Figure 1d). One of the advantages of utilizing precipitation process to obtain TWSME of thin-film SMA is high strain compared to that of compositional gradation TWSME. However, the techniques mentioned above require high temperature for crystallization to enable the SME in NiTi SMA thin-films. Such a requirement is not a feasible option especially in MEMS fabrication process especially when material with low melting point is used. However, local annealing using laser beam might provide a solution to this problem [58,59]. With this technique, the annealed part of NiTi thin-films will exhibit SME while the non-annealed regions demonstrating elastic behavior [60] without affecting the integrity of the other parts of the device.

Figure 1. Spontaneous shape change of Ti51.3at%Ni thin films aged at (a,b) 573 K for 1 h and (c,d) 723 K for 1 h: (a,c) in boiling water; and (b,d) in iced water. The thin films are seen from the side. Reprinted with permission from [57], copyright 1998 Elsevier.
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3. Bulk Micromachined SMA

The methods of manufacturing bulk NiTi SMA can be classified into two categories: casting and powder metallurgy. The commercial casting process of NiTi SMA requires arc or induction melting of Ni and Ti elements. The widely use methods for this case are vacuum induction melting (VIM) and vacuum arc remelting (VAR). As the names suggest, both processes are done under vacuum. In VIM (Figure 2), the AC current is the source of the magnetic field produced by an induction coil. This electromagnetic induction is later used to induce electrical eddy currents in the metals and graphite crucible, which heat up and eventually melt the element. The advantage of this process is that the stirring of the melt is done naturally by electrodynamic force, thus yielding good microstructural and chemical homogeneity. The graphite crucible is used because of its excellent chemical homogeneity. However, it is known that NiTi melts dissolve carbon from the crucible during solidification and hence can alter the transformation behavior [61]. Several studies aiming to minimize this issue have been reported. These include the use of Ti-disk cladding [62], deploying a charging sequence and creating a screen of Titanium-Carbon on the inner surface of the graphite crucible [63], and replacing the graphite crucible with a water-cooled copper mold (copper boat) [64].

Figure 2. (a) Photograph of the graphite crucible with Ti rods and Ni pellets (1, graphite crucible; 2, Tirods; 3, Nipellets; 4, isolation; 5, water-cooled copper coil; and 6, mold); (b) schematic illustration of crucible filling: Ni pellets are in contact with the graphite crucible and Ti rods stick in the Ni pellets; and (c) the same as in (b), but a Ti-disk cladding prevents direct contact between Ni and graphite. Reprinted with permission from [62], copyright 2004 Elsevier.
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Meanwhile, in the VAR method, a carbon graphite crucible is not required, thus eliminating the carbon contamination. Melting in VAR is done by an electrical arc discharge between a tungsten electrode and constituent elements, which is carried out in a water-cooled copper crucible. Unlike in VIM, there are no electromagnetic forces to naturally stir the molten material. Therefore, several remelting processes are required to obtain high purity yields and homogeneity. Proper attention to the number of melting cycles, ingot homogeneity, and oxygen pick-up can give a high-quality NiTi mold [65]. Several high remelting cycles for homogenization are reported in some works in the literature. In Lin et al. [66], homogenization is performed at 1050 °C for 72 h, while in Shamir et al. [67], hot forging and annealing are performed at 1000 °C for 12 h after several remelting cycles for homogenization. The high temperature and long duration of annealing can be considered as an important disadvantage of the VAR method.

An alternative to the VIM and VAR methods for fabricating bulk SMA is Electron Beam Melting (EBM). In this process, the carbon contamination is completely eliminated since the melting process is done in a water-cooled copper crucible. The oxygen contamination is minimized since the process takes place in a high vacuum. Otubo et al. [68] reported that EBM produced NiTi SMA and was a viable process resulting in ingots with a carbon content as low as 70 ppm. It also showed that the martensitic transformation is decreased by the presence of carbon and oxygen and depending upon the degree of contamination, where the deviation from the reference curve can be as high as 100 °C.

In terms of mechanical properties, bulk SMA offers some advantages over the thin-film counterpart. The TWSME in bulk SMA is always preferable due to its high actuation force. However, the TWSME is not an inherent property in bulk SMA but it is possible to acquire the effect intrinsically through training. There are several training methods reported in the literature, most of which are associated with thermomechanical processes. These include constraint annealing [20,69,70,71,72,73,74] and stress (tensile or compressive) loading cycles [75,76,77,78,79,80]. The thermomechanical training is known to be an effective way to acquire TWSME, but the amount and stability of this effect are difficult to control [20]. An example of constraint annealing is given in a work done by Wang et al. [20]. In [20], the SME behavior of a NiTi-based SMA spring trained by constrained annealing treatment is investigated. Ni50.8at%Ti49.2 wires were wound and fixed on a spiral cylinder shape (Figure 3). Then the fixture was annealed at 650 °C for 2 h, followed by water quenching. The spring was later elongated to a desired length with a similar fixture following annealing at 500 °C for 2 h and cooled naturally for one cycle. The shape memory strain from austenite to R-phase was greater than that from R-phase to martensite, which indicated a significant R-phase transformation in TWSME. Another configuration is seen in Costanza et al. [74], where wound and locked Ti-rich SMA wires on commercial screws with constant pitch are reported. In this configuration, the SMA was annealed at 500 °C for 15 min and quenched in water to impress the elongated shape into the SMA spring. Both thermomechanical processes mentioned above have to undergo a long annealing process to acquire TWSME. This processing time could, however, be reduced by applying a stress loading cycles to form the TWSME.

Figure 3. Diagrammatic representation of (a) constraint annealing in the whole manufacturing process and (b) springs with TWSME. Reprinted with permission from [20], copyright 2013 Springer.
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Apart from TWSME, there is also a report on realizing triple-way shape memory effect (TRSME) using bulk SMA. In TRSME, the material can recover from temporary shape to original shape through two intermediate predefined shapes. Unlike the SMPs that have much attention from researchers of the TRSME [81,82,83,84], the research progress of such effect in SMA is somehow stagnant. To the best knowledge of the authors, the only study of TRSME in SMA is reported by Tang et al. [85]. In [85], the results shows that the TRSME can be achieved only in those NiTi SMA with R-phase, provided that the temperature range between R-phase to austenite and martensite to austenite is over 10 °C.





4. Actuation Methods and Applications


4.1. Thin-Film SMA Actuator

The actuation scheme of SMA is selected based on specific applications. Generally, there are two types of actuation schemes that are commonly used: out-of-plane displacement and linear displacement. Among the devices using out-of-plane displacement scheme are micropumps, which utilize a thin-film to form a diaphragm type actuator as reported by Nisar et al. [86] and shown in Figure 4. From Figure 4, assuming that the diaphragm deformation is downward, the fluid is forced out to the outlet check valve when the pump chamber contracts, while the inlet check valve ensures that there is no back flow to the reservoir. Reciprocally, the fluid is forced into the inlet check valve when the pump chamber expands, while the outlet check valve prevents back flow from the outlets. The two-way actuation can be obtained by polyimide-spring bias [87], two-way antagonistic actuation [87], an SMA-Si driving membrane [88], and gas pressurization [89,90]. Another actuator that utilizes thin-film SMA to provide out-of-plane displacement is the cantilever type actuator. Normally, one end of the cantilever will be fixed while the other end will provide displacement upon heating or cooling depending on the SMA properties. Among the latest studies of this kind of actuator is one reported by Wongweerayoot et al. [91]. In [91], a 5 μm thick NiTi thin film was deposited on a freestanding copper structure forming a bimorph microgripper. According to the report, the microgripper was able to grasp and hold a small plastic ball weighing around 0.5 mg (Figure 5). However, the cantilever type actuators produce a large stroke but yield a smaller force compared to diaphragm type actuators [38]. Nevertheless, this shortcoming can be compensated for using a bulk SMA cantilever type actuator.

Figure 4. Schematic illustration of SMA micropump, as illustrated by Nisar et al. Reprinted with permission from [86], copyright 2008 Elsevier.
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Figure 5. Captured image of microgripper grasping, lifting, and holding a small plastic ball. Reprinted with permission from [91], copyright 2014 Springer.
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4.2. Bulk Micromachined-SMA Actuator

Various forms of bulk SMA are used to fabricate actuators. These include SMA wires, tubes, and sheets. It is common to fabricate cantilever type actuators by using an SMA sheet because of the high actuation force compared with thin-film SMA. The two-way actuation can be obtained through mechanical TWSME [1], such as depositing a reset layer (SiO2 or Si3N4) on the SMA [92,93,94], as shown in Figure 6, or by using intrinsic TWSME [25]. The actuation is normally performed using Joule heating by passing the current through the SMA itself.

Figure 6. SEM picture of SMA cantilever in cold state. Reprinted with permission from [92], copyright 2009 IEEE.
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Figure 7 shows the deflection tip during the austenite to martensite phase of the cantilever-type actuator. The total displacement can be varied by controlling the deposition length of SiO2/Si3N4 on the SMA. The deformation is attained as a result of the difference between the coefficients of thermal expansion (CTE) of the NiTi and SiO2 that form the bimorph. At room temperature, the SMA cantilever will be bent after the deposition due to the tensile stress applied by the reset layer. It will return to its trained flat shape when heated to a temperature greater than As. The deformation angle, θ, is determined by the length of the SiO2 pattern. An arc with a radius, r is formed, which can be expressed as:

Figure 7. Displacement of cantilever type microactuator using SiO2 as a reset layer: (a) overall structure; (b) total displacement after depositing the reset layer.
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(1)




where Young’s modulus, E; width, w; thickness, t; CTE, α; and temperature, T; and the subscripts 1 and 2 denote NiTi and SiO2, respectively. However, it is worth noting that this kind of constraint recovery (introducing reset layer to provide mechanical TWSME) could significantly affect the recovery properties (i.e., transition temperature and maximum stress) in contrast with the free recovery (without reset layer) [95,96].
Beside a cantilever type, a novel and unique SMA spiral-coil out-of-plane actuator is reported by Ali et al. [97]. The actuator is based on a bulk-micromachined SMA coil with a built-in wireless heater. Compared with the aforementioned actuators where the heating takes place by passing a current into the SMA or by using a heater, the SMA spiral-coil actuator is actuated wirelessly. An AC electromotive force will be generated in the circuit when it is exposed to a radio frequency magnetic field, which has an identical resonant frequency to the LC tank. As a result, AC current flows through the coil and the SMA coil itself produces Joule heat. This approach is promising for the future as it can minimize the actuator’s size and complexity.

One of the advantages of using bulk SMA as an actuator is the energy efficiency it provides when strained in pure tension compared to torsion or bending deformations [98]. The strain can be provided by linear or in-plane displacement and can be achieved by using either an SMA tube [99] or SMA wire. Several researchers used an SMA wire directly to provide linear displacement, while some of them realized it by shaping the SMA wire into a spring. By shaping SMA wire into a spring, it can accumulate a small recovery coaxial strain with considerable displacement, which is useful for actuators and measurements [20].





In terms of applications, several bulk micromachined-SMA actuators have been reported with a variety of mechanisms and actuator structures. In [100], Reynaerts et al. report a pincher-like microvalve (Figure 8a). From Figure 8a, it can be seen that the central joint is elastically deformed when the tube is released by contraction of the SMA wire on heating, which provides a simple valve mechanism. Zhao et al. [101] report a design and implementation of an SMA nanotweezer actuated at low voltage purposely for nanoscale manipulation. The nanotweezer consists of two electrically controlled SMA actuators provided by two SMA coils that are attached on a fiber-reinforced polymer body to amplify the movement of two tungsten tip end-effectors as shown in Figure 8b. The proposed designs are simpler, easier to control, and operate on lower voltage. Moreover, the SMA actuation utilizes in-plane displacement, which can provide high force actuation. Other than that, Villaneva et al. [102] reported a bio-inspired SMA actuator composite (BISMAC) for a robotic jellyfish propulsion system. In [102], the essential structural features of a jellyfish are replicated by the actuator. The actuator is made of silicone, SMA wires, and a steel spring with a simple mechanical structure (Figure 8c). This robotic jellyfish could provide an artificial alternative for the study of jellyfish and allows engineers and scientists to analyze parameters that cannot be analyzed using the actual animal. Clausi et al. [103] reported an SMA wires-on-silicon microactuator (Figure 9). The actuator consists of fixed and moveable silicon anchors that are mechanically connected to two SMA wires to form a current loop and silicon cantilevers, which serve as the bias mechanism for reversible motion. Upon heating, strained recovery takes place in the SMA wires, making them contract and bend the cantilevers (Figure 9b). During cooling, part of the elastic energy is released by the cantilevers, which return to their flat position (Figure 9c). The presented method utilizes bulk SMA material in nearly perfect tension, which maximizes the energy efficiency.

Figure 8. (a) Concept of a pincher-like shape memory actuated microvalve. Reprinted with permission from [100], copyright 1997 Elsevier. (b) Actual photo of a nanotweezer fabricated by Zhao et al. Reprinted with permission from [101], copyright 2014 Institute of Physics. (c) Schematic of a BISMAC actuator. Reprinted with permission from [102], copyright 2011 Institute of Physics.
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Figure 9. Operational states of microactuator design and fabrication by Clausi et al. Reprinted with permission from [103], copyright 2013 Elsevier.
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An interesting micro-rotary actuator is shown by Gabriel et al. [104] using 100 μm wire of NiTi SMA. In [104], the wire is clamped at both ends under torsional strain. The actuation is performed by connecting electrical connections (two at each ends and one in the middle of the wire), which are heated separately (Figure 10a). This enables repeatable, continuous, and directional angular deflections of the wire about its longitudinal axis, which provides a unique actuation scheme. A multi-directional tubular micro-manipulator fabricated from a NiTiCu SMA tube is reported by Mineta et al. [105,106]. Three meandering actuators are fabricated from an SMA tube. Each meander can be heated individually, which results in multi-directional displacement actuation (Figure 10b). With controllable bending motion function, the micro-manipulator can be used as an active catheter for interventional diagnosis and therapy.

Figure 10. (a) Diagram of a micro-rotary actuator showing the clamping yoke, torsionally strained SMA wire, and electronic SMA actuator. Reprinted with permission from [104], copyright 1998 Elsevier. (b) The concept of tube-shaped SMA. Reprinted with permission from [105], copyright 2011 Elsevier.
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5. Micromechanism Device for Biomedical Applications

Practical applications of SMA in medicine are seen particularly in vascular medicine [107,108,109,110,111], dentistry [112,113], orthopedics [114,115,116], and other related areas [117,118,119,120]. In this section, the application of SMA actuators in the biomedical field is presented. One of the most beneficial applications of MEMs in biomedicine is the microgripper. Apart from the manipulation of microscopic objects in factory automation and assembly, it can also be applied for handling biological cells as well as in robot-assisted surgery. The most common gripper jaw design is based on two cantilever beams spaced out by a certain distance, as illustrated in Figure 11a. In Figure 11a, the tip of one side of both cantilevers is actuated, making the tip close or open and hence grasp or release an object depending on the actuator scheme.

Figure 11. (a) Illustration of gripper assembly by Huang et al. Reprinted with permission from [122], copyright 2003 SPIE. (b) Self-sensing microgripper module by Lan et al. Reprinted with permission from [123], copyright 2011 IEEE.



[image: Micromachines 06 00879 g011 1024]





One of the earliest reports on the SMA cantilever-type microgripper design was published by Lee et al. [121] in 1996. In [121], the microgripper is actuated by NiTiCu thin-film SMA deposited on a silicone cantilever beam, which acts as a bias spring. The transformation temperature is 37 °C, which is near to human body temperature, making it useful for medical applications. In [122], Huang et al. introduced a simple processing technique and batch friendly for the fabrication of a cantilever type microgripper (Figure 11a). The design is basically similar to the microgripper fabricated by Lee et al. [121], in which NiTi thin-film SMA was deposited on Si wafer. Both microgrippers mentioned above are actuated by means of thin-film SMA, which has disadvantages such as a thin-film deposition consistency and relatively low actuation force compared to that of bulk SMA. The bulk SMA could be used instead to overcome these shortcomings.



Among the well-known microgrippers fabricated using bulk SMA is the polymer-based microgripper cantilever reported by Houston et al. [124]. The cantilever is actuated by an SMA wire embedded in the microgripper during molding of polyurethane. Since there is no direct physical contact of SMA with the body, this type of microgripper is preferable in medical surgery. With this configuration, the object temperature has a limited influence on the SMA temperature and is extremely useful for biomedical applications.

Although the aforementioned microgrippers show excellent potential in various applications, they do not have the capability to control the gripping level once they are actuated. Hence, the grasped object can be damaged if excessive force is applied. It is necessary for the microgripper to be equipped with a force sensor in order to overcome this problem, especially when handling living cells or in any other sensitive biomedical applications. For this reason, Lan et al. [123] reported extensively on a compliant two-fingered microgripper, which mimics human finger actuation, as shown in Figure 11b. In [123], the contraction force is estimated by the force-resistance relationship of the SMA wire. Despite this advantage, the microgripper requires extra circuitry for resistance feedback control to obtain the desired contraction force. Moreover, this system tends to be complex and large due to the use of batteries or electronic circuitry for its operation. To overcome this problem, a passive approach for SMA actuation using RF is presented by Ali et al. [19]. Similarly to their previous work in [97], the microgripper is operated through an LC resonant circuit serving as a frequency-sensitive wireless heater. The heater is activated by an external RF magnetic field. The microgripper, as shown in Figure 12, consists of two beams fabricated by bulk micromachining of the SMA sheet, where SiO2 is used as the bias spring. Both cantilever and heater are bonded by electroplated copper. The proposed wireless microgripper is promising for wireless capsule endoscopy, where it could serve as a biopsy jaw. However, the heating efficiency could deteriorate since no heat insulation exists between the SMA and the environment. An aerogel that has a very low thermal conductivity has the potential to address this issue, where it can be coated around the SMA and heater circuit.

Figure 12. Overall shape of frequency controller microgripper by Ali et al. Reprinted with permission from [19], copyright 2010 Elsevier.
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Beside the microgripper, a MEMS reservoir based drug delivery system could make a significant contribution to targeted drug delivery mechanisms by incorporating features such as control over the drug delivery rate, a programmable drug schedule, and the ability to reach difficult treatment locations. This parallels with Paul Ehrlich’s proposed concept of a ‘magic bullet’, which suggest the benefit of targeted delivery drug to the diseased cell. Such a drug delivery system is composed of at least a reservoir for the drug, the microvalve, and/or the micropump. The first SMA micropump was reported in 1998 by Bernard et al. [87]. The reciprocating pumps consist of a deformable chamber and two check valves (Figure 13a). Polyimide is used as a spring bias. Besides providing the spring biased, the polyimide also isolates the NiTi in the actuator from the fluid both thermally and chemically. By doing so, the risk of thermal coupling and chemical reaction between the fluid and NiTi thin-film is removed or at least reduced. Xu et al. [88] later reported a novel diaphragm-actuated micropump by using a thin-film NiTi/Si bimorph structure (Figure 13b). Compared with the micropump proposed by Bernard, no special bias structure is required as the silicon substrate itself provides the biasing force. Moreover, the silicon can provide isolation from the working liquid and NiTi. The proposed pump has a greater flow rate and driving frequency than the polyimide spring biased proposed by Bernard. Makino et al. [89] proposed another thin-film SMA-based micropump for drug-delivery applications using pressurized gas as the biasing mechanism. NiTi film and a Pyrex glass cap with a square recess are anodically bonded together in a vacuum to form a chamber. Then a bias pressure is applied to deform the NiTi thin-film. When the diaphragm is heated, its initial flat shape is recovered, making the pumping chamber contract, and hence liquid is sucked in. When the diaphragm cools, the liquid is pumped out and deformed due to the biased pressure. The pump configuration and working illustration are as shown in Figure 14. By using the bias pressure method, the structure of the micropump becomes simpler compared to other methods. Moreover, the pumping pressure can be conveniently controlled merely by changing the bias pressure.

Figure 13. (a) Polyimide spring-biased actuator micropump by Bernard et al. [87]. Reprinted with permission from [87], copyright 1998 IEEE. (b) NiTi/Si bimorph actuated micropump structure by Xu et al. Reprinted with permission from [88], copyright 2001 Elsevier.
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Figure 14. Pressurized spring-biased actuator micropump structure with SMA actuator. Reprinted with permission from [89], copyright 2001 Elsevier.
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When dealing with SMA actuators, particularly in biomedical applications, the main issue is the actuation temperature. Small hysteresis SMA is always desired to improve the efficiency with low-temperature actuation. Low hysteresis is also used to increase the pumping frequency, which is important to improve the flow rate. The addition of a ternary element in binary NiTi SMA is known for having an impact on the SMA hysteresis. For this reason, Zhang et al. [125] proposed the use of a Ni41.1at%Ti50.7Cu8.2 thin-film SMA micropump. Based on their results, the micropump as less hysteresis (9 °C) compared to all the aforementioned pumps. Furthermore, the highest pumping frequency attained is 100 Hz, and more than 200,000 driving cycles are achieved without any drift in the diaphragm displacement.

Attempts to fabricate a peristaltic-type micropump using SMA have also been observed over the years. A peristaltic micropump does not have moving parts and thus avoids particles or living cells becoming damaged or stuck [126]. Therefore, it is a suitable candidate for blood transportation applications. Unlike micropumps that utilize a check valve applied in the reciprocating micropump, in peristaltic pumps, a simpler design and fabrication process are involved [127]. Gu et al. [128] reported a peristaltic micropump consisting of twelve SMA springs, four latex tubes, three coupled extrusion poles, and two one-way valves installed one on each side of the pump chamber as shown in Figure 15a. Because of the larger SMA dimensions and number of actuators used, the pump was able to provide the highest flow rate of 1000 μL/min. A smaller scale for this type of micropump was reported by Shkolnikov et al. [129] in 2010. The SMA wire actuated pump is shown schematically in Figure 15b. The SMA micropump design achieved five-fold package volume and four-fold weight reductions compared to the electrical motor design mentioned in the same report. Moreover, the operating pressure is higher than its electrical motor driven counter part. Table 2 shows a comparison of the SMA-based micropumps reported by the different authors mentioned above. The performance characteristics and key features of the micropumps are also summarized.

Figure 15. (a) Peristaltic micropump by Guo et al. Reprinted with permission from [128], copyright 2008 IEEE. (b) SMA wire actuated peristaltic micropump by Shkolnikov et al. Black arrows represent the flow direction: 1, pre-constriction; 2, upstream valve; 3, base; 4, downstream valve; 5, plunger; 6, pumping chamber (flexible tube); 7, plunger arm; and 8, SMA wire (actuator). Reprinted with permission from [129], copyright 2010 Elsevier.
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Table 2. SMA actuated micropumps.


	References
	Pump Type
	Size
	SMA Form
	Bias Type
	Highest Flowrate (μL/min)
	Highest Frequency (Hz)
	Diaphragm Displacement





	[87]
	Reciprocal
	n/r
	Thin-film
	Polyimide
	6 at 0.8 Hz
	1.2
	n/r



	[87]
	Reciprocal
	n/r
	Thin-film
	Antagonistic
	50 at 0.9 Hz
	1.1
	80 μm



	[88]
	Reciprocal
	6 mm × 6 mm × 1.5 mm
	Thin-film
	NiTi/Si bimorph
	340 at 60 Hz
	100
	5 μm



	[89]
	Reciprocal
	10 mm × 20 mm × 1.4 mm
	Thin-film
	Pressurization
	4.8 at 0.5 Hz
	0.5
	95 μm



	[125]
	Reciprocal
	8 mm × 8 mm × 1.8 mm
	Thin-film
	NiTiCu/Si bimorph
	235 at 80 Hz
	100
	6 μm



	[130]
	Reciprocal
	16 mm × 74 mm
	Coil
	TWSME
	700 at 2.0 Hz
	10
	10 mm



	[131]
	Reciprocal
	n/r
	Coil
	Antagonistic
	n/r
	n/r
	n/r



	[128]
	Peristaltic
	45 mm × 30 mm × 30 mm
	Coil
	Antagonistic
	1000 at 0.6 Hz
	50
	8 mm



	[129]
	Peristaltic
	1.3 cm3
	Wire
	TWSME
	60
	n/r
	n/r


















6. Conclusions

In this paper, the fabrication of thin-films and manufacture of bulk SMA was presented. The most common method used to deposit thin-film SMA is sputtering deposition. Other methods include flash evaporation, pulsed laser deposition, filtered arc deposition, cluster beam deposition, and cathodic arc plasma ion plating. It was shown that Ti-rich films exhibit a transformation temperature near to or above ambient temperature. The casting methods that are widely used for bulk SMA manufacture are the VIM, VAR, and EBM processes and their advantages and disadvantages are described. The actuator schemes used are diaphragm and cantilever actuators, which provide out-of-plane actuation. An in-plane displacement can be achieved by using an SMA tube, wire, or spring. Microgrippers and micropumps are among the favorable usages of SMA for applications in biomedicine.
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