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Abstract

:

The increasing demand for innovative grippers and actuators for the automation sector encourages the development of new and innovative functional principles. Intelligent materials are particularly suitable for this purpose based on their high energy density. In this study, a two-finger gripper driven by shape memory alloys (SMA) for use in automation technology is presented. Previous grippers driven by SMA can only be found in the field of micro gripping due to the limited stroke generated by SMA. Based on a methodical product development, a new type of gripper was developed and is presented in this study, which can achieve an opening width comparable to conventional grippers based on transmission mechanisms. Two different variants of the gripper are shown and compared aiming to minimize the installation space and weight of the gripper. In addition to the design presentation, a prototype is built, and the functionality is demonstrated through various test series.
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1. Introduction


Due to the increasing demands on performance, weight reduction, space savings, and reduced complexity for economical use in industry, grippers must always meet new requirements in the field of automation technology. New fields of application are continually being discovered, particularly in the field of aerospace technology, such as drones for transportation, as well as in the domain of miniaturization. Regarding sustainability, energy efficiency is also at the forefront of production, whereby technologies such as hydraulics and pneumatics are disadvantageous. New technologies such as shape memory alloys (SMA) are constantly used to develop new and better (smaller, lightweight, more energy efficient, etc.) actuators. SMA have the unique capability of autonomously returning to their original trained shape after a seemingly permanent plastic deformation. Through thermal activation, SMA autonomously returns to their original shape. This effect is often used for actuators in the form of SMA wires that contract, generating a stroke and force, to replace actuators, such as electric motors.



A gripper for automation technology, driven by SMA, enables a small installation space, low weight, and is controlled in a completely electrically and energy efficient way. Due to the high energy density of SMA compared to conventional actuators, a significant amount of work can still be accomplished. In traditional automation, the reduction in size and weight lowers the inertia at the end effector, enabling higher speeds and energy efficiency. Moreover, advanced automation systems, such as transport drones, require lightweight and compact grippers. Grippers powered by electric motors are typically heavy, which diminishes both the range and payload capacity of drones, while pneumatic and hydraulic systems are generally unsuitable for these applications [1].



This paper presents a new concept for an innovative two-finger gripper that achieves a large opening width of up to 40 mm and yet has a very low weight of just over 100 g. SMA actuators found in the literature are either microgrippers with small opening widths of a few mm or are heavy and large when having larger opening widths (see Table 1). It was developed based on VDI 2248 [2,3,4] together with the design methods of Pahl/Beitz [5] up to a prototype. A primary objective is to minimize the installation space of the gripper while achieving a wide opening range through mechanical transmission.




2. Fundamentals


The following sections present the basics of SMA and gripper technologies. Furthermore, a brief overview of the state of the art in the field of grippers driven by SMA is given.



2.1. Shape Memory Alloys


The term “shape memory effect” (SME) refers to the ability of a material to return to a predefined shape after an apparent plastic deformation. This effect is induced by thermal or mechanical activation. Materials exhibiting this effect are known as shape memory alloys (SMA) [6,7]. Their main advantages include high energy density, low space requirements, control by internal sensor effect, and low weight [8]. The SME is based on a diffusionless phase transformation between the metallurgical structures martensite (low-temperature phase) and austenite (high-temperature phase) [9,10]. Based on the desired properties of the material, different effects can be imparted to the material through the alloy composition and thermomechanical training in the manufacturing process [6]. These are divided into pseudoelastic and pseudoplastic processes. The pseudoplastic processes can be further subdivided into the one-way effect and the two-way effect [11]. Different alloys exhibit the SME [6,12,13], the alloy that is used most frequently and economically in the field of actuators is a nickel titanium (NiTi) [2,14,15] alloy in which the mechanical two-way effect is thermally activated. The activation is achieved by applying an electrical voltage, which generates Joule heat, induction, or an ambient medium with an elevated temperature. This allows elongations of up to 8 % to be achieved by the phase transformation, with the recovery during the cooling of the material being generated by a counterforce in the form of a spring or an attached weight [6,8,11,16].



The SME is activated by an external impulse in the form of thermal energy. This thermal energy can be introduced by the environment or by an electrical current flow, which is converted into Joule heat based on the internal resistance of the material [17,18]. If the material is deformed and then heated, the microstructure is transformed from martensite to austenite starting at the austenite start temperature, AS. Reaching the austenite finish temperature, AF, the transformation process is completed, and the microstructure is exclusively austenitic. During this structural transformation, the atoms adopt the most energetically favorable arrangement, corresponding to the previously trained initial form. When the material cools down, the microstructure transforms again starting at the martensite start temperature, MS, and when the martensite finish temperature, MF, is reached, the microstructure is completely transformed again. During the austenite–martensite transformation, no further deformation takes place. This effect is referred to as the one-way shape memory effect (OWSME). The reverse deformation is generated by a constant counterforce in the form of an attached weight, antagonistic design, or spring. This generates a reverse deformation, leading to what is known as the extrinsic-induced two-way shape memory effect (TWSME) [13,19,20]. Figure 1 shows the relationship between the different structural states as a function of temperature and load for commercially available binary NiTi alloys, which are present in the unstressed state in the martensitic structure at room temperature. At the beginning of the process, a twinned martensite is present, which is de-twinned by an external mechanical stress resulting in the deformation of the material at the macroscopic level [6]. When the temperature surpasses the austenite start temperature during the heating process, the material undergoes a memory recall of its initial configuration. Upon reaching temperatures beyond the austenite finish temperature, the process of shape reversion achieves completion [21,22].



During the martensite–austenite transformation, a stroke is generated by the change in the shape of the material. A force can also be generated by tensioning the material [7].




2.2. Gripper Technology


The following is an outline of the general structure of a gripper as it is used in the automation industry. Grippers can be divided into different categories based on the physical principle of operation: mechanical grippers, suction grippers, magnetic grippers, adhesion grippers, and needle grippers [23]. The main tasks of the gripper system can be divided into three categories: establishing contact between the gripper and the object (temporal force or shape pair connection), manipulating the object (change in position, rotation, or mounting), and setting down the gripped object (releasing the contact). Through these tasks, the gripper forms the link between the automation technology and the gripped object [24,25].



Figure 2 shows a schematic sketch of a mechanical gripper system with its components. The individual subsystems are listed below and described in more detail below.



	
Carrier System






The carrier system creates a secure connection between the gripper system and its surrounding system, usually in the form of a flange. Other tasks include the supply of drive energy and a connection between the sensors and the control system [23,24].



	
Drive System






The selection of a suitable drive system is a key aspect in the development of automation solutions and has a significant influence on their functionality. The drive system converts the supplied energy into rotational or translational kinetic energy, which then generates the gripper movement [23,24].



	
Kinematic System






The kinematic system comprises all the components required to convert the movement of the drive system into a movement of the holding system. An important feature is the transmission ratio between the drive system and the active system. Within the kinematic system, there are various options for adjusting the force/displacement ratio of the gripper [23,24].



	
Active System






The part of the gripper system that has direct contact with the object is the holding or active system. A mechanical gripper introduces the clamping force via the active surfaces of the gripper links. As with the overall system, the tasks are to establish and release contact with the object [23,24].



	
Sensor System






The task of this subsystem is information processing. By default, the gripper is controlled via a higher-level handling device. Sensors can be used to check the position of the object or the status of the holding system. This information can be read out by the control system and the overall system can be controlled [23,24].




2.3. State of the Art for Grippers with Shape Memory Alloys


There are not many grippers for automation technology that are powered by SMA and are commercially available. The only systems available on the market are micro grippers. Glashütte offers different versions of microgrippers based on the SME. Components in the 10 µm range are gripped with a force of up to 500 N [26].



In the field of research, different types of grippers based on SMA have already been considered. Scholtes et al. 2021 developed a gripper with a slightly larger stroke (6.4 mm) compared to the aforementioned microgrippers. It is a solid-state joint gripper driven by SMA. The use of wire bundles increases the available force, but at the same time achieves a low switching frequency [27]. Lu et al. 2019 developed a gripper with a large stroke by connecting several SMA wires in series and, thus, enabling a large gripping opening by summing up the strokes [28]. However, due to the complexity of the design, this approach runs counter to the actual advantages of SMA, which are the small installation space required and their light weight. With flexible gripper fingers and the requirement for a small installation space with a light weight, Zhou and Ma 2022 developed a flexible SMA-wire-based gripper. Using a transmission ratio, they enabled a gripper opening of 14 mm in contrast to the 2 mm stroke generated by the wire [29]. However, grippers driven by SMA springs have also been developed [30,31]. The advantage of springs is that they generate a larger stroke, but they generate less force and are more complex to manufacture [32].



Other gripping principles have also been considered. A soft gripper driven by SMA was developed by Lee et al. (2019). Using a combination of moving and rigid elements, they generate a transmission ratio to transfer the low stroke of the wire into a high bending angle [33]. Li et al. 2024 developed another soft gripper capable of achieving an opening width of over 15 mm per finger and generating a force of up to 0.12 N at the fingertips. To facilitate these dimensions, a long wire is used, which is redirected multiple times [34].



A pneumatic gripper was also developed using SMA. By activating the SME, Motzki et al. (2020) generate a vacuum on suction cups, which pneumatically holds the component [35]. Table 1 compares various SMA grippers in terms of their dimensions. Additionally, examples of one electric and one pneumatic gripper are compared. It becomes evident that SMA grippers are either small and lightweight, but with a limited opening width, or they have a large opening width but are consequently large and heavy.



A two-finger gripper driven by SMA wires with an opening width of up to 40 mm is not yet available for purchase, nor has it been scientifically investigated.



Beyond automation technology, grippers are utilized in various other fields. Consequently, robotic or prosthetic arms driven by SMA, which function as grippers, were also be considered. These devices are primarily developed for application in the rehabilitation of patients following strokes or limb amputations [38]. In many cases, SMA springs are used instead of wires to generate larger actuation displacements [39,40,41]. For rehabilitation purposes, Wang et al. (2021) developed an artificial hand actuated by SMA wires, which is utilized in the rehabilitation field. Due to the apparatus requirements arising from the operating conditions, a compact design is not necessary, resulting in a structure with a length exceeding 300 mm [42]. Hadi et al. (2017) developed a similar setup, attempting to reduce the actuation unit’s size through pulleys. Nevertheless, the actuator measures 240 mm in length, without incorporating any gripping fingers [43]. Actuators inspired by the human hand have also been developed for grasping objects. These actuators can achieve openings of up to 8 cm through finger rotation [44,45]. By implementing SMA wires directly into the gripping fingers, Simone et al. were able to reduce the size of the unit to 200 mm and achieve a weight of 300 g [46].



As these grippers were originally conceived for a different purpose accompanied by non-comparable requirements, their direct applicability to automation technology is limited. Furthermore, they are often characterized by high complexity and weight. Nonetheless, these designs serve as valuable contributors to the generation of ideas in the ongoing trajectory of development, which serves as the basis for the development elaborated in this work.





3. Materials and Methods


The development of the gripper presented was carried out systematically. Functional structures were derived based on a list of requirements and, ultimately, different variants were developed from a morphological box. The list of requirements was based on the requirements arising from using SMA and the requirements from the field of automation technology, such as the available electrical connection or the ambient operating temperature, while weight and size should be as low as possible. Furthermore, requirements derived from the comparison of currently available gripper systems on the market, which are not yet driven by SMA grippers, were also used. These requirements, which, for example, include a large opening width of up to 40 mm as well as a low weight and compact design, constitute the primary focus of the innovation aspects.



The different variants were then evaluated on weighted criteria from the list of requirements. During the evaluation process, the methodology of point rating, as described in the design theory by Pahl and Beitz, was employed. This involved team deliberations to assess individual solution variants, where the attributes of each variant were delineated and subsequently evaluated through point allocation for finding the best possible solution [5].



Based on this analysis, the overall utility value of the solution using a gear transmission in combination with lever arms is significantly higher than that of the other solutions developed. In addition, it meets all the necessary minimum requirements, which is why this variant was chosen for further development and is presented below.



3.1. Mechanism Design


The mechanical design of the new gripper is presented and explained below. Figure 3 shows the kinematic system of the gripper.



The design of the mechanical components starts with the consideration of the given boundary conditions. These include the requirements from the specifications, the operating principle from the selected solution variant, and the dimensions of the existing and selected components. A transmission with a gear stage in combination with a lever arm must be designed.



The maximum wire length L (150 mm) and the maximum elongation ε (4%) of the wire can be used to determine the stroke generated by the wire according to Formula (1).


    s   s t r o k e   =   L   w i r e   ·   ε   m a x   = 150   m m · 0.04 = 6   m m  



(1)







Based on the calculated stroke and the required opening width of the gripper of 40 mm, the required total transmission ratio of the system is then determined. The opening width of the gripper fingers is achieved by two fingers, so this is divided into 20 mm per finger. Therefore, the transmission ratio, i, of the gear drive is first determined using Formula (2).


  i =      s   o u t p u t       s   i n p u t      =    20   m m   6   m m    = 3 .   33  ¯   



(2)







A module of 0.5 was chosen for the selection of the gears. Due to the relationship between the module and the diameter of a gearwheel, these are correspondingly smaller. Gears with 60 and 20 teeth were selected for this purpose. The driving force acts on the gearwheel with 60 teeth, and the gripper fingers are connected to the pinions.



The radii and dimensions of the gears can be calculated using the module; for the sake of simplicity, they can be taken from the data sheets and are summarized in Table 2.



The center distance of the two pinions, one for each finger, is 10 mm. Once the gear wheel alignment has been calculated, the required angle of rotation of the gear wheel is determined using the gripper finger length to achieve the required positioning movement of 20 mm. The finger length is the sum of the holding arm length and the actual finger length. The length of the fingers is 70 mm, of which 40 mm is accounted for by the gripper fingers and 30 mm by the arms. The length of the holding arms is used for the calculation. Figure 4 illustrates the structure of the holding arms in a polar coordinate system.



Formulas (3) and (4) are used to convert cartesian coordinates into the polar coordinate system, where r denotes the radius and Φ the angle of rotation:


  x = r ·   cos  ⁡  Φ    



(3)






  y = r ·   sin  ⁡  Φ    



(4)







To calculate the angle of rotation required to achieve an opening width of 20 mm, the formulae must be rearranged (s. Formulas (5) and (6)).


  Φ = a r c c o s ⁡    x   r     



(5)






  Φ = 48.19 °  



(6)







The required angle, β, results from the sum of the angles in a triangle. To generate the required stroke of the fingers, the gear must rotate by at least β = 41.81°. From this point, a safety factor is built in by assuming an angle of β* = 45°. Using the transmission ratio, i, the angle of rotation, δ, of the large gear can be calculated to determine β* according to Formula (7).


  δ =    β ∗   i    =    45 °   3    = 15 °  



(7)







The required lever arm length can be determined by the angle of the wheel and the generated stroke of the SMA actuator. Figure 5 shows the corresponding values. The required length of the lever arm, rarm, indicates the point at which the force acts on the SMA actuator on the lever arm.



A triangle is formed from the generated stroke s = 6 mm, the radius of the point of application, and the angle δ = 15° between the maximum positions of the lever arm. By using the sine theorem, a lever arm length of rarm = 22.98 mm can be determined. To take an additional safety factor into account, a lever arm length of rarm = 20 mm is assumed, as the lever law results in a higher angle of rotation with a shorter lever arm.



The built-in safety factors in the form of oversizing serve to compensate for losses, for example, due to friction or fatigue effects of the SMA wire. To determine the safety factor, the calculation is carried out again with a lever arm length of rarm = 20 mm. This results in a movement of 23.56 mm for each of the two gripper fingers. A comparison with the nominal value results in a safety factor of 1.17.




3.2. Design of the Gripper


The gripper is designed in CAD using the previously defined dimensions and units before it is manufactured and tested as a prototype. The design and functionalities can also be evaluated in CAD. Figure 6 shows the final design of the gripper.



The SMA wire (1) is connected to the actuator on both sides, whereby one side is fixed and the other is loose. On the firmly clamped side, the wire is tightened by two holding blocks (2) and a crimp. The wire can also be re-tensioned within these holding blocks via an adjusting screw if the wire fatigues in the form of elongation over the lifetime. To reduce the installation space, the wire is deflected over several pulleys (3). On the loose side, the wire is attached to the lever arm (4) via a crimp. The lever arm transmits and transfers the force of the wire as a torque to the gear wheel (5). A torsion spring is mounted under the gear wheel, which is required to reset the SMA effect and automatically close the gripper. From the gear wheel, a transmission takes place to the first pinion (6), which transmits a 1:1 ratio to the second pinion for the second finger. The connecting arms (7) are embedded in the pinions and connected to the finger holders (8) on the other side. Fingers (9) with different shapes can be attached to the finger holders to generate a form fit with the object to be gripped. All elements are mounted on a base plate (10) and are countered by a cover plate.




3.3. Evaluation of the Opening Width in CAD


The requirement for the gripper to achieve an opening width of 40 mm was considered in the design and construction. In addition, an evaluation was carried out on the CAD model as part of the design. Figure 7 compares the gripper in the open and closed state. The activation of the wire is represented by the rotation of the lever arm by 15°.




3.4. Force Curve in the Gripper


The force curve in the gripper is examined closer to illustrate the functionality of the gripper; the forces generated and working in the system are plotted and described. The gripper system is considered from the applied force of the wire to the opening of its fingers. Figure 8 shows the forces applied to the gear wheel.



To open the gripper, the wire is activated and generates the force, FWire. This force generates a torque on the gear wheel via the lever arm, which works against the torque applied by the torsion spring. The sum of the torques produces a resulting torque, which is transmitted to the fingers via the kinematic system. The forces in the upper part of the system are shown in Figure 9.



The resulting torque (MRes) of the gear wheel is transmitted to the pinions. The pinions transmit the torque (Mpinion) to the connecting arms, causing the grippers to open with the force FOpen. When the gripper is to be closed, the actuator is deactivated, and the force, FWire, slowly approaches 0 N due to the cooling of the wire. This changes the direction of the force of the resulting torque and the gripper closes again. Both the selection of the torsion spring and the selection of the diameter of the wire are relevant for determining the forces and torques, as these two factors influence the force. As the wire must work against the torsion spring during each activation, the force applied by the wire must be greater than the counterforce of the torsion spring. In the following, only the force curve during closing by the torsion spring is considered, as this is only relevant in the application, in contrast to the force generated by the gripper during opening.



The torsion spring selection was designed to ensure that the spring force is sufficiently large to reset the SMA wire while remaining smaller than the SMA force during activation. During this design of the forces, the manufacturer’s specifications were used as a guide [47]. This ensures that adequate wire force is available for the movement of the gripping fingers. Depending on the wire diameter and the spring’s dimension, the resulting gripping force was calculated for different springs. The calculation for the torsion spring used will be explained in further detail.



The resulting force on the gripper fingers is calculated using the Formulae (8)–(11). The torsion spring is installed so that it is preloaded by 42.4° at an opening width of the gripper fingers of 40 mm. At this elongation, the spring generates a torque of 350 Nmm on the wheel. The calculated angle of rotation of the wheel of δ = 15° results in an elongation of the gearwheel with closed gripper fingers of 27.4°. At this elongation, the torsion spring generates a torque of MSpring = 226.32 Nmm.


    M   G e a   r   C l o s e d     =    1   i    ·   M   S p r i n g   =    1   3    · 226.32   N m m = 75.44   N m m  



(8)







This results in a torque on the pinion of MGear Closed = 75.44 Nmm, which is distributed over the two pinions. Using the lever law, the torque is converted into the acting force of the gripper fingers. The torque is transferred to the fingers with a lever arm of r = 20 mm. The calculation of the force on the fingers in the closed state is shown in Formula (9).


    F   C l o s e d   =      M   G e a   r   C l o s e d       r    ·    1   2    = 1.25   N  



(9)







Formulas (10) and (11) can be used to determine which weights, m, can be held under force, and the coefficient of friction, µ, depends on the material pairing. If the shape of the gripper fingers is adapted, objects can also be held by positive locking, so the closing force would not be relevant.


    m · g < F   F r i c t i o n    



(10)






    F   F r i c t i o n   = µ · N = µ ·   F   C l o s e d    



(11)








3.5. Space and Weight Reduction Within the Design Process


To reduce the installation space and weight, the wire was deflected several times in the design. To compare the reduction, a version of the gripper was also constructed, which does not have a deflection of the wire. Both versions are shown with dimensions in Figure 10. As the fingers are identical in both versions, they are not included in the comparison and only the size of the SMA actuator is considered.



Table 3 compares the respective dimensions together with the calculated volume.



The table shows that the length of the gripper is reduced by 76.17 %, this significant difference is due to the deflection of the wire in the kinematic system. The width of the gripper increases by 20 % due to the space required for positioning the pulleys. However, the increased width is not problematic as it is still less than the width of the gripper fingers at maximum opening and, therefore, has no negative impact. The systems do not differ in height. The respective installation space volume can be determined from the dimensions of the gripper, whereby the installation space between the plates is considered. For the version without reduced installation space, it must be noted that the volume cannot be calculated directly from the maximum length and width due to the cut-outs. This results in a volume of 120.5 cm3 for the gripper without and 63.48 cm3 for the variant with reduced installation space. This means that a reduction in installation space of 47.3 % could be generated by deflecting the wire. However, the deflection adds further components, which increases the complexity and weight. In addition, the influence of a deflection on the lifetime of the wire and, therefore, the gripper is unknown.



To determine the total weight, the masses of the individual components are added together; these are determined with the help of data sheets, supplier information, and CAD software (Autodesk Inventor Professional 2023). Table 4 shows the parts list of the two variants together with the weights of the individual components.



A weight reduction of 33% could, therefore, be achieved. The differences in weight are mainly due to the dimensions of the base/cover plate. In both variants of the gripper, the weight can be further reduced by suitable design measures; for example, by using other materials or by inserting additional cut-outs in the plates, as shown in the base plate in Figure 11. By adapting the base plate and cover plate, a further 10.38% of the weight could be reduced.



The potential effect of wire redirection on performance is not considered here. Redirecting the wire to reduce installation space is a common design practice, but its effects are not well understood. Contact with the material of the pulley component may result in altered heat flow, or the material pairing with NiTi may result in degradation of the wire or pulley due to wire cutting into the surface.





4. Development and Evaluation of a Prototype


A prototype was built to evaluate the developed gripper, which will be evaluated in long-term tests (Figure 12). The cover plate for the prototype was made of plexiglass to make it easier to visualize how the SMA actuator works. The connecting arms were also cut out of plexiglass using a laser cutter, as this made production easier and faster. The ball bearings and gears were purchased, whereby the gears were re-machined to enable the gripper arms to be accommodated. Sleeves made of Polyoxymethylene (POM) were placed on the ball bearings for insulation during electrical activation, ensuring that the current for activating the wire is not dissipated.



A Flexinol actuator wire from DYNALLOY, Inc., Irvine, CA, USA [47] with a diameter of 0.5 mm was used as the actuator for the prototype. The wire was held in the lever arm by a crimp. Contrary to the actual design, the other side of the wire was clamped to a screw for the prototype, making it easier to tighten the wire in the test phase.



To evaluate the development and the prototype, a test rig was setup and several test series and long-term tests were carried out. Therefore, the gripper is mounted on a plate and the wire is connected to a power supply unit. The power supply unit can be switched on and off via a relay circuit to activate the wire when energized and cooled down when the relay is off. Another small and lightweight plate is attached to one side of a gripper finger, onto which a laser displacement sensor is directed. The stroke of one gripper finger can be recorded via this sensor. Due to the 1:1 ratio of the pinions to each other, both gripper fingers move in the same way, so that the path recorded by the laser path sensor can be doubled to determine the opening width of the gripper. In addition, a fan is installed on the test rig, which enables a series of tests with accelerated cycle times. To activate the wire, 3.6 V was applied to the wire for a duration of 4 s. The chosen parameters were determined for the material used in preliminary experiments and other studies. The design was carried out in such a way that a complete activation of the wire occurs during each cycle. The activation time of 4 seconds was chosen to ensure the movement and behavior of the gripper is clearly observable and understandable.



4.1. Testing the Opening Width of the Prototype


In addition to evaluating the opening width using the CAD model, an evaluation is also carried out on the prototype. The opening width of the gripper in the first 30 cycles is shown in Figure 13. The gripper starts in the closed state and, therefore, with an opening width of 0 mm. During the first activation, a movement of each gripper finger of 15.3 mm and, thus, a total width of 30.6 mm is generated. Subsequently, the gripper does not close completely and remains open by 1.5 mm. Looking at the opening width in the closed and open state of the gripper, it can be seen that the gripper closes less and less over the number of cycles, although the opening width remains almost constant. At the 30th cycle, the gripper remains open by 3.6 mm with a maximum opening width of 29.6 mm. As a new wire is used for the test series, it can be assumed that the fact that the gripper no longer closes completely is due to the run-in effect of the wire. It is caused by an accumulation of dislocations, which induce residual deformation and the formation of stabilized martensite. These changes in the microstructure lead to altered behavior, resulting in reduced functional properties [48]. The backlash of the gearwheels also affects the gripper’s ability to close completely, as the movement and force of the gearwheel is not fully transmitted to the pinions until the end.




4.2. Examination of the Cycle Time and Possible Frequency


A relevant requirement for the gripper in the application is the operating time that the gripper needs to open and close. The operating time depends on the activation speed of the wire. The activation of the wire can be accelerated by increasing the electrical voltage. This has already been demonstrated by Czechowicz et al. [49], which is why the activation duration is not considered below. The deactivation time of the actuator is based on cooling by free convection, during which the heat of the wire is released into the environment. To shorten the deactivation time, it is possible to direct a fan at the gripper system, which generates an airflow across the gripper and accelerates the cooling of the wire by forced convection [50]. To investigate the influence of the fan, two series of measurements with and without the fan are shown below. The first five activations of each series of measurements are shown in Figure 14, with each activation lasting 4 s and a cooling time of 30 s between each activation.



In both cases, a rapid opening of the gripper resulting from a rapid activation of the wire can be seen. The clear difference can be found in the speed during cooling. While the actuator without a fan is still not completely cooled down after 30 s—recognizable by the fact that no limit value is reached—the actuator is already back in its initial state after about 5 s when the fan is switched on. Since the fan was running continuously, even during wire activation, a reduced maximum opening width would be expected as the thermal energy required to activate the effect is dissipated by the increased forced convection. The reduced maximum opening width in the test series without a fan compared to the one with a fan might have been attributed to a different tensioning of the wire since the test series were carried out with a new wire each.



As the wire is reset by the opposing spring during the cooling process, which is supported by the fan, in approximately 5 s, the frequency could be almost doubled. For an optimized airflow and improved cooling of the wire in the housing, a fan was added to the housing of the actuator in Figure 11 to illustrate a possible solution variant. This positioning of the fan does not interfere with the mechanical gripping process. The dimensions of the fan have been adapted to the installation space of the gripper and measure 20 mm × 20 mm so that it can be easily attached to the side of the gripper. The cooling time can be further optimized and reduced by directing the airflow in a targeted manner.




4.3. Long-Term Investigations


Several long-term tests were carried out. In these test series, up to 19,472 activation cycles were achieved before the actuator failed. In the case of failure of the wire itself, this was due to fatigue of the SMA wire, which failed at the temporary clamping between the screw and nut. In other long-term tests, the crimp or screw came loose, but the mechanics of the actuator remained unaffected in all cases.



Figure 15 shows the course of the maximum and minimum opening width of the gripper over the long-term test of 19,472 cycles with the fan. The minimum opening width shows that the gripper is only completely closed in the first cycle (before the first electrical activation). From the second cycle onwards, a residual opening width of approx. 12 mm remains, even when the wire is completely cooled down by the use of a fan. This is based on the running-in effect of the wire, but more strongly due to the backlash in the gears, which leads to a significant loss of the maximum opening width, particularly during the first activation cycle (as seen in Figure 15). As a result, the gripper no longer closes completely because the gear is pushed back by the spring, but a complete transfer to the pinion does not occur. A similar progression can be seen with the maximum opening width. There, the maximum opening width increases by approx. 5 mm within the first 200 cycles. This can be attributed to the running-in effect of the SMA wire [51], which adapts its functional properties to the respective load within the first few cycles. Gear backlash and prototype manufacturing also play a role in the maximum opening width, resulting in a reduced opening width. When the prototype is operated manually, a backlash of the gears can be determined resulting in an opening width of the gripper fingers of approximately 12 mm. The gripper can be opened manually to this extent without the pinion movement being transmitted to the gear. This opening width of 12 mm must be taken into account as an inaccuracy in the theoretical opening width from Chapter 3 compared to the opening width of the prototype. Without this backlash, the prototype would close and further open up to 12 mm.



The resulting opening width of the gripper can be determined by the difference between the maximum and minimum opening width. Figure 16 shows the curve together with a regression line. The regression line can be used to determine that the resulting opening width is 16.14 mm on average and is not subject to any major change over the activation cycles. The different characteristics of the run-in effect of the maximum and minimum opening width over the cycles clearly show the delayed run-in effect in the resulting opening width.



However, regarding the gripper’s application, gripping of objects, it should be noted that the maximum opening width is more relevant than the resulting opening width. The maximum opening width defines the maximum size of objects that can be gripped, whereas not completely closing the gripper has no influence on gripping as long as the object to be gripped is larger than the minimum opening width caused by the influence of the run-in effect. Nevertheless, the run-in effect can be averted by the deployment of pre-trained wires or by readjusting the wire during usage and backlash can be improved by optimizing the production of each component.





5. Discussion/Summary


The use of SMAs as a drive system in gripper mechanisms is based on their high energy density, allowing for significant improvements in existing technical applications, particularly in terms of weight reduction and minimized installation space. This results in the requirement to develop a gripper system driven by SMA wires.



Research into the state-of-the-art shows that, with a few exceptions, there is yet no commercial market for SMA actuators. In the field of research, there are many application areas for SMA. There are several approaches in the field of gripper systems, with miniature grippers and soft grippers being developed. During the research, no gripper systems were found operating with SMA and corresponding to the opening width (up to 40 mm), low weight (107 g), and size as achieved with the new gripper presented in this work.



To ensure an optimal procedure, various methods from VDI guidelines and product development were combined and brought together in an adapted model. With the help of this model, a structured and efficient development process was enabled to find the best solution possible, while the methodical approach makes it possible to generate a solution as objective as possible.



In CAD, a version was developed in which the wire actuator is installed at its full length; in a second variant, the wire was deflected with a pulley system. The aim is to deflect the wire so that the installation space of the overall system is reduced. The weight and volume of the variants were determined using the CAD program. The results show that a lightweight gripper has been developed that can even be further optimized. Regarding the installation space, it was demonstrated that the redirection of the wire actuator achieves an enormous volume saving.



The design of the gripper was described in detail and the knowledge gained during the design process was presented. The prototype was built, and functional tests were carried out. The tests have shown that the prototype achieves an opening width of 30.6 mm. and no longer closes completely after a certain number of cycles. The activation and deactivation times with and without ventilation were also investigated. In the absence of ventilation, the gripper requires 16.1 seconds to close. In contrast, when ventilation is present, the cooling process is markedly enhanced, and the deactivation time is reduced to 4.6 seconds. In the future, the activation speed can be accelerated by faster electrical activation [49]. The cooling speed can also be accelerated by up to 25 times by using an adapted cooling method [47].



The evaluation of the developed and realized prototype reveals potential areas for improvement and opportunities for further investigation. The functional tests on the prototype show that the required opening width was not achieved, which can be caused by various factors. Firstly, the components are not optimally manufactured. It has been shown that the friction on some components is greater due to manufacturing tolerances. As a result, the force of the spring is required to overcome these frictional forces. Another factor is the materials used. The gear wheels are made of plastic and exhibit a high degree of backlash. The lever arm is also made of plastic, whereby the resulting forces—especially of the spring—lead to deformations that can cause further inaccuracy, which is also visible with the prototype. For improved functionality, the gears should be manufactured and implemented with tighter tolerances and the lever arm should be made of a stronger material.




6. Conclusions and Outlook


The two-finger gripper presented in this work is the first of its kind to offer a large opening width of up to 40 mm, a notable advancement over existing literature and products on the market. Despite this expansive opening, the gripper maintains a compact and lightweight design, weighing just over 100 grams (see Table 1). Although the prototype exhibits a reduced opening width of 30 mm, the underlying reasons for this and the means of attaining the desired opening width of 40 mm were subjected to a comprehensive examination. Nevertheless, an opening width of 30 mm with the low weight represents a novel development in comparison to existing SMA actuator principles. This paves the way for new applications in the field of automation technology where larger opening widths but low weight are required. The opening width of the actuator can also be scaled by adjusting the transmission ratio—in particular the size and number of teeth of the gears.



The functionality and operation of the actuator have been proven in various test series. The durability has also already been demonstrated on a prototype. During long-term testing of the prototype, it became evident that measures needed to be taken to anticipate the “run-in” effect for stable operation with a repeatable opening width. This could be achieved through tailored training of the actuator during the manufacturing process or by readjusting the wire during operation. However, the lifetime must be further increased for economical use. In particular, the weak point of the clamping on the prototype must be implemented as planned in the actual design to achieve the required lifetime, as the wire failed there on the prototype. In addition, further influences on the lifetime of the wire in the actuator must be investigated. For example, it is not yet known how the deflection of the wire affects the lifetime and functional properties of the wire. Due to a contact surface to the pulley and the induction of mechanical stress in the wire by bending, the wire is subjected to a load with an influence on fatigue behavior that has not yet been fully investigated. However, initial preliminary work has shown that deflections have a negative influence on lifetime [52]. By optimizing the design based on the empirical values of the prototype with an optimized selection of materials and manufacturing tolerances, it can be assumed that the opening width of 40 mm can be achieved. Through improved material pairing, friction losses are minimized, allowing for greater translation of force into displacement. Additionally, the plastic gears used exhibit significant optimization potential, as they currently have considerable clearance. This would further reduce losses and maximize the opening width.



Furthermore, the objective is to determine the gripper’s opening width based on the wire’s electrical resistance, eliminating the need for additional sensors. Changes in the material’s phase transformation result in alterations in its specific resistance, which can be correlated with the wire’s displacement and, thus, the gripper’s opening width.



Common drawbacks of NiTi SMA, such as low actuation frequency due to thermal activation and cooling of the material and degradation of functional properties over time, need to be further addressed in scientific research to promote their economic application.
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Figure 1. Representation of the thermal SME with the associated transformation temperatures and the lattice structure of NiTi. 
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Figure 2. Schematic representation of an exemplary gripper system and its components (own presentation) [24]. 
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Figure 3. Kinematic system of the new gripper design. 
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Figure 4. Sketch for calculation of the holding arms. 
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Figure 5. Sketch for calculation of the lever arms. 
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Figure 6. CAD illustration of the gripper with list of parts. 
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Figure 7. Evaluation of the opening width in CAD (a) fully opened (b) closed. 
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Figure 8. Force curve of wire and counter spring. 
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Figure 9. Force curve via gearwheel and pinion to the gripper fingers. 
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Figure 10. Size comparison of the two gripper variants (a) with installation space not reduced and (b) with installation space reduced. 
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Figure 11. Optimized version of the gripper in CAD with weight reduction, deflection, and fan. 
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Figure 12. Pictures of the prototype with different opening widths, which were set mechanically and not by an SMA wire. (a) Fully closed; (b) 30 mm opened; (c) maximum opening width of 50 mm. A video of the actuator in operation can be found in the Supplementary Material. 
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Figure 13. Opening width of the gripper over the first 30 cycles. 
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Figure 14. Opening width of the gripper at different cooling speeds with and without a fan. 
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Figure 15. Minimum and maximum opening width of the gripper in a long-term test over the lifetime of the wire. 
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Figure 16. Resulting opening width with compensation line over the lifetime of the wire. 
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Table 1. Comparison of different grippers.
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Label

	
Weight [g]

	
Size [mm]

	
Opening Width [mm]

	
Gripping Force [N]






	
SMA Actuator




	
WPT/6 [26]

	
3

	
41 × 9 × 6

	
1

	
0.2–0.8




	
BPT/3 [26]

	
18

	
56 × 27 × 15

	
2

	
100




	
KHG/3 [26]

	
20

	
59 × 33 × 14

	
3

	
10–500




	
Scholtes et al. [27]

	
150

	
100 × 100 × 10 *

	
6.4

	
n.s.




	
Lu et al. [28]

	
2564

	
206 × 90 × 182

	
60–100

	
4–7.5




	
Zhou and Ma [29]

	
n.s.

	
120 × 30 × 10 *

	
14

	
1.2




	
Electric Actuator




	
2FG7 [36]

	
1100

	
144 × 90 × 71

	
39/ 73

	
20–140




	
Pneumatic Actuator




	
PGL-plus-P 20-IOL [37]

	
2700

	
191 × 83 × 59

	
40

	
880




	
New Actuator (developed in this work)




	

	
107

	
46 × 60 × 23

	
40

	
1.25








* Dimensions were estimated based on the illustrations and information provided.













 





Table 2. Geometric properties of the gears.
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	Gear
	Pinion





	Number of teeth
	60
	20



	Bore diameter
	6 mm
	4 mm



	Pitch diameter
	30 mm
	10 mm










 





Table 3. Installation space of the two gripper variants (without the fingers).
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	Installation Space Not Reduced
	Reduced Installation Space





	Length
	193 mm
	46 mm



	Wide
	50 mm
	60 mm



	Height
	23 mm
	23 mm



	Volume
	120.50 cm3
	63.48 cm3










 





Table 4. Parts list with exemplary components that have the main influence on the weight.
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Reduced Installation Space

	
Installation Space Not Reduced




	
Item Number:

	
Quantity:

	
Weight: [g]

	
Sum: [g]

	
Quantity:

	
Weight: [g]

	
Sum: [g]






	
M3x25

	
8

	
1.4

	
11.2

	
9

	
1.4

	
12.6




	
M4-Nut

	
8

	
0.7

	
5.6

	
9

	
0.7

	
6.3




	
D5 Distance Sleeves L = 7

	
4

	
0.09

	
0.36

	
2

	
0.09
