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Abstract

:

In the field of robotic hand design, soft body and anthropomorphic design are two trends with a promising future. Designing soft body anthropomorphic robotic hands with human-like grasping ability, but with a simple and reliable structure, is a challenge that still has not been not fully solved. In this paper, we present an anatomically correct robotic hand 3D model that aims to realize the human hand’s functionality using a single type of 3D-printable material. Our robotic hand 3D model is combined with bones, ligaments, tendons, pulley systems, and tissue. We also describe the fabrication method to rapidly produce our robotic hand in 3D printing, wherein all parts are made by elastic 50 A (shore durometer) resin. In the experimental section, we show that our robotic hand has a similar motion range to a human hand with substantial grasping strength and compare it with the latest other designs of anthropomorphic robotic hands. Our new design greatly reduces the fabrication cost and assembly time. Compared with other robotic hand designs, we think our robotic hand may induce a new approach to the design and production of robotic hands as well as other related mechanical structures.
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1. Introduction


The human hand is dexterous as it has a complex and high-efficiency mechanical structure [1]. It consists of the palm and five fingers, which contain 8 wrist bones, 5 palm bones, and 14 finger bones in total. It can be divided into three different layers: the external layer (surface), bone layer (skeleton), and intermediate layer (tissues). From a kinematic point of view, it has 15 movable joints and 21 DOFs (degree of freedom) altogether for the finger part. All of these DOFs are controlled by muscles, tendons, pulleys, tissues, bones, and ligaments. There are three main approaches to duplicate a human hand with a robotic hand.



The traditional approach aims to build hand-shape movable mechanical structures using solid parts such as laser-cut metal or plastic [2]. They usually have rigid or dislocatable joints made of screws or springs [3]. Various tendons or linkage bars are commonly used for transmitting the force created from actuators. The use of many parts will not only lead to a long fabrication duration, but also require a heavy testing procedure.



Unlike the robotic hands mentioned above, the body of a soft robotic hand is made of soft and deformable material. Nature rubber and silicon rubber are two commonly used soft materials in our daily life. Most soft body robotics choose silicon rubber as it has better plasticity. Since 3D-printable soft material has been invented, in the last 5 years, increasingly more 3D-printed artificial organs have appeared for medical purposes [4,5,6,7], as well as for soft robotics [8]. The Young’s modulus value of human hand tissue is around 100 kPa, which is soft [9]. When the human hand grasps an object, the finger contact surface will increase significantly when the finger force increases from 0.1 N to 2 N [10]. Recently, with the understanding of the benefit of soft design, increasingly more 3D-printable soft robotic hands have emerged [11,12]. A typical soft body robotic hand is usually actuated by gas/liquid pressure [13,14,15], driven cable, or “new actuators” such as shape memory alloy (SMA) or artificial muscles [16,17,18]. In 2019, a soft robotic hand, BLC-26, performed six variations of in-hand manipulation, which are translations and rotations along the x-, y-, and z-axes [19]. A recently proposed four-finger soft body robotic hand displayed the ability to unscrew the cap of a jar [20]. Compared with a rigid body robotic hand, a soft body robotic hand easily deforms during grasping or manipulation, which helps to secure the target object [21,22,23]. However, most of them have a complete soft body structure design, causing them to move like invertebrates, or resulting in a weak grip force [11,16,24,25]. Another problem is that all existing actuators such as SMA, pneumatic actuators, and hydraulic actuators cannot fully duplicate the muscle function while taking up the same volume [26]. Two recently invented artificial muscles, “Thin McKibben muscle” and “bubble artificial muscles”, have similar shape and flexibility as natural muscle. They also require air pressure as an input and the efficiency is not as high as that of real muscles [17,18]. For these reasons, these soft robotic hands do not aim at mimicking human hand grasping gestures.



The third approach is the highly biomimetic design, which aims to be “anatomically correct”. The ACT hand designed in 2013 was the first trial for mimicking the real hand on an anatomical level [27]. After that, three new robotic hands were created following a similar design concept [28,29,30]. These designs all have functional parts to simulate human hand bones, ligaments, and tendons, which are made of different materials such as rubber, silicone, or cotton wire. Same as the traditional approach, a complex structure requires high costs in assembly and maintenance. A recently designed robotic hand can be 3D-printed in one go using two different materials. However, it does not have an actuated system such as tendons and pulleys to move actively [31]. Our previous work on a highly biomimetic design can be found in [32,33].



The different parts of the human hand have very different physical properties. For example, in hardness, the Young’s modulus of finger bones is 10 GPa, while that of finger tissue is 50 KPa [11]. The hand tendon is not only soft, but also elastic. Therefore, there is no existing solution to modelling and fabricating an articulated robotic hand using a single material. On the other hand, with the rapid growth of 3D printing technology, more and more new 3D printing materials and designs are available for rapid prototypes [4,5,6,7]. Based on the third approach, we proposed a new 3D hand model that aims to 3D print a full DOF robotic hand that can duplicate the most of the functionality of the human hand. It has a biological joint design that contains human-like artificial bones and ligaments. It also has a biomechanical transmission system. To verify our method, we 3D-printed the three-finger robotic hand and tested it with an actuation system with 12 electrical servo motors. As shown in Figure 1, our method resulted in a highly human-like design. It could be used separately for grasping study or installed onto a humanoid robot. As it has a structure and motion range close to that of a real human hand, it also could help further research in the medical or biological fields. The hand part is 3D-printed within 10 h with around 100 mL of 3D printing material, which is worth around US$50. The assembly time is less than 2 h. Table 1 shows the comparison of existing human-like robotic hands.




2. Materials and Methods


In the human hand mechanical system, locomotion is organized by muscles, tendons, tissues, bones, and ligaments. It is the best example and benchmark for designing an anthropomorphic hand [36]. We believe that the human hand’s biomechanics is the key to hand dexterity and can be greatly replicated with a close biomimetic design. We build our robotic hand 3D model with reference to the real human hand.



2.1. Biological Finger Joint


Finger joints are constituted of bones, ligaments, synovial cavities, and bursae. They also control the range of motion and speed of the joints. We choose to duplicate bones and ligaments only, as synovial cavities and bursae play less important roles in finger locomotion.



Human bones are irregular in shape [37]. In our previous work, we proposed to first obtain the surface model of the target hand via 3D scanning, and then generate 3D mesh models of bones based on our fast template matching method [32,33,35].



A typical MCP finger joint consists of two neighbor bones and three ligaments, named the proper collateral ligament (PCL), accessory collateral ligament (ACL), and volar plate. During extension, the PCL relaxes and the ACL is taut. During flexion, the PCL is taut and the ACL relaxes. The volar plate prevents hyperextension (Figure 2). The elasticity of the ligament will help bones return to their original position.



The elongation of a human ligament is 68%. However, the bones are solid with no elasticity. In the traditional method of producing robotic hands, they are made by different materials and linked by a third material such as super glue or screws [28,29]. With the latest 3D modeling and 3D printing technology, we are able to generate a precise 3D-modelled hand and print different hand parts together. From Figure 3, we place multiple 0.5 mm diameter curved cylinders side by side to simulate the ACL and volar plate. We use multiple flattened 0.3 mm diameter curved cylinders side by side to simulate the PCL. An artificial ligament with too large an elongation, such as a rubber band or silicone rubber, leads to the loss of the bones’ position during moving. We choose FormlabsTM Elastic 3D printing resin (RS-F2-ELCL-01) as it has a similar elongation to a human ligament. Table 2 shows the comparison of three different materials with a human ligament.



The high elongation at failure of FormlabsTM Elastic 3D printing resin (RS-F2-ELCL-01) suggests that it allows the ligaments and volar plate to deform easily while flexing the finger. Otherwise, if the elongation of the material is poor, it is too difficult for the finger to bend, and the ligaments and volar plate would tend to break within a few bending movements. Another reason for us to choose FormlabsTM Elastic 3D printing resin (RS-F2-ELCL-01) is because the printed product can easily change its shape when force is applied and go back to its original sharp when released. This is an important property of a tendon, be it an extensor or a flexor tendon. Some robotic hands used materials such as nylon wire and Bowden cable as their tendon; however, we would like to use a single material for the entire robotic hand, including the tendon, thus we 3D-printed the elastic tendons. However, there are some problems with elastic tendons, including the fact that its strength is reduced significantly. Nevertheless, we could still achieve the basic function of a robotic hand, showing that our idea is workable.



To demonstrate that the proposed structure can effectively simulate the deformability of the human hand, we adopt the deformation curve (Figure 4) as the measure of deformability and compare the proposed structure with other methods in one of our previous works [33].




2.2. Biomechanical Transmission System


The hand has a complex muscle synergism. For example, the motion of each finger is handled by at least 10 muscles located at the palm and forearm [39]. These muscles actuate the bones through the tendons. Hand dexterity is a personal property. The tendon system in the human hand is different for each individual person, thus creating various ranges of motion [40].



The flexor pulley system of the hand is a complex structure that co-ordinates flexion of the digits. Figure 5 below shows annular pulleys A1 to A5 and their usage for finger motion [41].



We use multiple flattened 0.7 mm diameter curved cylinders one layer after another to simulate annular pulleys (refer to Figure 6, green part).



We design our tendon system following the real human tendon system. Flexion of the fingers is produced by two long muscles, the flexor digitorum profundus (FDP) and flexor digitorum superficialis (FDS). The FDP is connected with distal phalanges, which mainly control the flexion of DIP and PIP joints. The FDS is connected with intermediate phalanges, which mainly control the flexion of PIP and MCP joints. Finger extensor contains the extensor digitorium communis (EDC), lateral band (LB), central band (CB), and interossei (Int) and lumbrical (Lum). Lum is connected with proximal phalanges, which mainly control the addiction and abdication of joints. The joints are surrounded by soft skin and tissues. When the hand grasps, the tissue in contact deforms itself to create a greater touch area, thus leading to a firmer grip. The purposes of these complex designs are to replicate the anatomy of a human finger, whereby the tendons are similar to those of a human hand. With a realistic anatomy of a human finger, the shape and functionality of the hand could be replicated. Thus, we can apply the experience with human hands when designing and controlling the proposed robotic hand. Secondly, using a single material for printing can reduce the complexity of having various materials, as this makes it much simpler for manufacturing. Lastly, the hand is made from a soft material, where it would be compliant and would conform to the environment, making it safer for both surroundings and the users.



The features offered using these complex designs similar to the robotic hand include the following:




	
Simple input as actuation (requires prime mover to pull the tendon to move the fingers);



	
Lightweight (lack of gears and mechanisms allows a lighter design);



	
Soft material (compliant and safer);



	
Single material (easy to manufacture);



	
Bio mimetic (more natural to view and use).








The final 3D-printed result is shown in Figure 7a.



The final 3D-printed result is shown in Figure 7a. We 3D-printed the ligament connection at the distal interphalangeal (DIP) and proximal interphalangeal (PIP) joint, thus it is printed as one piece; its 3D model is shown in Figure 7b. For ligament connection at the metacarpophalangeal (MCP), we used lap joint design. Figure 7c shows how we connected the ligaments and bone together. We could see in Figure 7c that the proper collateral ligament (PCL) and accessory collateral ligament (ACL) are connected to a T-sharp plug, which could be inserted into the T-sharp port located at the top of the metacarpal bone. We could use this type of joint because the force direction applied along the tendon would always be perpendicular to the plug motion direct, so there is no need to worry about whether the joint would slide open while the robotic hand operates, as the friction between the elastic material is sufficient to hold the joint. To connect extensor tendons to the bone, we used an annular snap-fit joint. As shown in Figure 7d, the tip of the extensor tendon is the male part of the snap-fit joint, and the bone to which it is connected is the female part of the snap-fit joint; when the snap is actuated, it holds the bone and tendon firmly together. To connect the FDP and FDS, we made use of both the snap-fit joint and lap joint. As shown in Figure 7e, we actually separated the distal phalange into two parts; we modelled the FDP as a whole with the upper distal phalange bone and printed it as one piece, and then connected the upper and lower distal phalange with a snap-fit joint. For the FDS, we used a lap joint by making the tip of the FDS a rectangular sharp plug, which was then placed into the T-sharp port located at the middle or proximal phalange. The benefit of the various kinds of joint is that no other adhesive is needed for the whole assembly process, thus reducing the time, skill, and effort required to assemble the robotic hand.




2.3. Dynamic Mode and Actuation System


In this first prototype, we chose to make a three-finger robotic hand to verify our design, as a fully replicated human hand would lead to a bulky and complex actuation system [27,30,42]. The under-actuation method will reduce the number of actuators, but lead to the loss of independent control for each joint [3,28]. Previous research showed that the distal interphalangeal (DIP) and proximal interphalangeal (PIP) joints work like an under-actuated system [43]. In this proposed design, for each finger, one tendon (FDS) is used to control the DIP and PIP joints at the same time. The EDC tendon is used to extend the finger for recovery. We further study the maximum range of motion (ROM) required to achieve 33 gestures from grasping taxonomy and reduce the two least important DOFs from the ring finger’s metacarpophalangeal (MCP) joints. As a result, the dynamic model of this robotic hand also has 15 movable joints, but only 8 independent DOFs plus 5 under-actuated DOFs (refer to Figure 8).



Each joint is driven by corresponding tendons. Based on Landsmeer’s model III [44], the basic equation for modeling the tendon displacement (L) can be simplified to a second-order polynomial approximation [45]:


  L = h  θ 2  + b θ  



(1)




where b and h are constants determined by the mechanical system and θ is the corresponding angle rotation.





3. Experiments


3.1. Trajectories of the Fingers


Because the size of the hand and the grasped object will affect the results, the human hand used as a reference is 180 mm in length. Further, the size of grasped objects was taken from [46]. We compare the human hand ROM to our robotic hand ROM in Table 3. This robotic hand duplicates about 90% of the human maximum range of motion (refer to Table 3).



We also recorded the trajectories of each finger and plotted them in a 3D space (Figure 9).




3.2. Grasping Test


In order to evaluate the performance of our robotic hand, we performed the Kapandji test and grasping test for our robotic hand. All kinds of test cases were tested 10 times separately and all success rates were larger than or equal to or 90%. Please refer to Figure 10 for details (the test video is attached as Video S1).





4. Conclusions and Future Works


We have described a new method to create a single-material highly biometric robotic hand and to actuate it to achieve grip poses as well. Our robotic hand is designed based on the anatomy of the human hand. The experiments show that our method is feasible and promising. In the future, we plan to enhance the stability and robustness of our robotic hand by adding on the remaining ring and little finger, which allows the robotic hand to perform more grasping gestures. Moreover, we plan to envelope the fingers and palm area with soft tissues. An extension to the current stationary robotic hand can be added, such as a forearm and shoulder, which provides some room for movement for the robotic hand to perform more gestures that require the movement of the arm. We will search new materials that can be used as a replacement for Elastic 50 A, so as to have a stronger and stiffer robotic hand to grasp heavier objects. Lastly, we will further improve the design and structure to make it more human-like.








Supplementary Materials


The following are available online at https://www.mdpi.com/article/10.3390/mi12091124/s1, Video S1: One Material Hand.





Author Contributions


Conceptualization, L.T.; methodology, Q.W.; validation, J.T.; writing—original draft preparation, L.T.; writing—review and editing, H.L. and Q.W.; supervision, N.M.T., J.Z., and Y.C. All authors have read and agreed to the published version of the manuscript.




Funding


This research is supported by the National Research Foundation, Singapore, under its International Research Centres in Singapore Funding Initiative.




Conflicts of Interest


The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or in the decision to publish the results. Any opinions, findings, and conclusions or recommendations expressed in this material are those of the author(s) and do not reflect the views of the National Research Foundation, Singapore.




References


	



Agur, A.M.; Dalley, A.F. Grant’s Atlas of Anatomy; Lippincott Williams & Wilkins: Philadelphia, PA, USA, 2009. [Google Scholar]

	



Piazza, C.; Grioli, G.; Catalano, M.; Bicchi, A. A Century of Robotic Hands. Annu. Rev. Control. Robot. Auton. Syst. 2019, 2, 1–32. [Google Scholar] [CrossRef]

	



Rothling, F.; Haschke, R.; Steil, J.J.; Ritter, H. Platform portable anthropomorphic grasping with the bielefeld 20-DOF shadow and 9-DOF TUM hand. In Proceedings of the 2007 IEEE/RSJ International Conference on Intelligent Robots and Systems, San Diego, CA, USA, 29 October–2 November 2007; pp. 2951–2956. [Google Scholar] [CrossRef]

	



Adams, F.; Qiu, T.; Mark, A.; Fritz, B.; Kramer, L.; Schlager, D.; Wetterauer, U.; Miernik, A.; Fischer, P. Soft 3D-Printed Phantom of the Human Kidney with Collecting System. Ann. Biomed. Eng. 2016, 45, 963–972. [Google Scholar] [CrossRef] [PubMed]

	



Qiu, K.; Zhao, Z.; Haghiashtiani, G.; Guo, S.; He, M.; Su, R.; Zhu, Z.; Bhuiyan, D.B.; Murugan, P.; Meng, F.; et al. 3D Printed Organ Models with Physical Properties of Tissue and Integrated Sensors. Adv. Mater. Technol. 2017, 3. [Google Scholar] [CrossRef] [PubMed]

	



Qiu, K.; Haghiashtiani, G.; McAlpine, M.C. 3D Printed Organ Models for Surgical Applications. Annu. Rev. Anal. Chem. 2018, 11, 287–306. [Google Scholar] [CrossRef]

	



Chae, M.P.; Lin, F.; Spychal, R.T.; Hunter-Smith, D.J.; Rozen, W.M. 3D-Printed haptic “Reverse” models for preopera-tive planning in soft tissue reconstruction: A case report. Microsurgery 2015, 35, 148–153. [Google Scholar] [CrossRef]

	



Rich, S.I.; Wood, R.J.; Majidi, C. Untethered soft robotics. Nat. Electron. 2018, 1, 102–112. [Google Scholar] [CrossRef]

	



Shimawaki, S.; Sakai, N. Quasi-static Deformation Analysis of a Human Finger using a Three-dimensional Finite Element Model Constructed from CT Images. J. Environ. Eng. 2007, 2, 56–63. [Google Scholar] [CrossRef]

	



Balasubramanian, R.; Santos, V.J. The Human Hand as an Inspiration for Robot Hand Development; Springer: Berlin/Heidelberg, Germany, 2014. [Google Scholar]

	



Rus, D.; Tolley, M.T. Design, fabrication and control of soft robots. Nature 2015, 521, 467–475. [Google Scholar] [CrossRef]

	



Shintake, J.; Cacucciolo, V.; Floreano, D.; Shea, H. Soft Robotic Grippers. Adv. Mater. 2018, 30, e1707035. [Google Scholar] [CrossRef]

	



Deimel, R.; Brock, O. A Novel Type of Compliant, Underactuated Robotic Hand for Dexterous Grasping. Int. J. Robot. Res. 2016, 35, 161–185. [Google Scholar] [CrossRef]

	



Polygerinos, P.; Wang, Z.; Galloway, K.C.; Wood, R.J.; Walsh, C.J. Soft robotic glove for combined assistance and at-home rehabilitation. Robot. Auton. Syst. 2015, 73, 135–143. [Google Scholar] [CrossRef]

	



Zhou, J.; Yi, J.; Chen, X.; Liu, Z.; Wang, Z. BCL-13: A 13-DOF Soft robotic hand for dexterous grasping and in-hand ma-nipulation. IEEE Robot. Autom. Lett. 2018, 3, 3379–3386. [Google Scholar] [CrossRef]

	



Laschi, C.; Cianchetti, M.; Mazzolai, B.; Margheri, L.; Follador, M.; Dario, P. Soft Robot Arm Inspired by the Octopus. Adv. Robot. 2012, 26, 709–727. [Google Scholar] [CrossRef]

	



Kurumaya, S.; Nabae, H.; Endo, G.; Suzumori, K. Design of thin McKibben muscle and multifilament structure. Sens. Actuators A Phys. 2017, 261, 66–74. [Google Scholar] [CrossRef]

	



Diteesawat, R.S.; Helps, T.; Taghavi, M.; Rossiter, J. Characteristic Analysis and Design Optimization of Bubble Artificial Muscles. Soft Robot. 2021, 8, 186–199. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, J.; Chen, X.; Chang, U.; Lu, J.-T.; Leung, C.C.Y.; Chen, Y.; Hu, Y.; Wang, Z. A Soft-Robotic Approach to Anthropomorphic Robotic Hand Dexterity. IEEE Access 2019, 7, 101483–101495. [Google Scholar] [CrossRef]

	



Abondance, S.; Teeple, C.B.; Wood, R.J. A Dexterous Soft Robotic Hand for Delicate In-Hand Manipulation. IEEE Robot. Autom. Lett. 2020, 5, 5502–5509. [Google Scholar] [CrossRef]

	



Lu, Q.; Rojas, N. On Soft Fingertips for In-Hand Manipulation: Modeling and Implications for Robot Hand Design. IEEE Robot. Autom. Lett. 2019, 4, 2471–2478. [Google Scholar] [CrossRef]

	



Spiers, A.J.; Calli, B.; Dollar, A.M. Variable-Friction Finger Surfaces to Enable Within-Hand Manipulation via Gripping and Sliding. IEEE Robot. Autom. Lett. 2018, 3, 4116–4123. [Google Scholar] [CrossRef]

	



Low, J.H.; Lee, W.W.; Khin, P.M.; Thakor, N.V.; Kukreja, S.L.; Ren, H.L.; Yeow, C.H. Hybrid Tele-Manipulation System Using a Sensorized 3-D-Printed Soft Robotic Gripper and a Soft Fabric-Based Haptic Glove. IEEE Robot. Autom. Lett. 2017, 2, 880–887. [Google Scholar] [CrossRef]

	



Yap, H.K.; Ng, H.Y.; Yeow, C.-H. High-Force Soft Printable Pneumatics for Soft Robotic Applications. Soft Robot. 2016, 3, 144–158. [Google Scholar] [CrossRef]

	



Calisti, M.; Giorelli, M.; Levy, G.; Mazzolai, B.; Hochner, B.; Laschi, C.; Dario, P. An octopus-bioinspired solution to movement and manipulation for soft robots. Bioinspir. Biomim. 2011, 6, 036002. [Google Scholar] [CrossRef] [PubMed]

	



Scarcia, U. Design and Control of Robotic Hands; Alma Mater Studiorum Università di Bologn: Bologna, Italy, 2015. [Google Scholar]

	



Deshpande, A.D.; Xu, Z.; Weghe, M.J.V.; Brown, B.H.; Ko, J.; Chang, L.Y.; Wilkinson, D.D.; Bidic, S.M.; Matsuoka, Y. Mechanisms of the Anatomically Correct Testbed Hand. IEEE/ASME Trans. Mechatron. 2011, 18, 238–250. [Google Scholar] [CrossRef]

	



Xu, Z.; Todorov, E. Design of a Highly Biomimetic Anthropomorphic Robotic Hand towards Artificial Limb Regeneration. In Proceedings of the 2016 IEEE International Conference on Robotics and Automation (ICRA), Stockholm, Sweden, 16–21 May 2016; pp. 3485–3492. [Google Scholar]

	



Faudzi, A.A.M.; Ooga, J.; Goto, T.; Takeichi, M.; Suzumori, K. Index Finger of a Human-Like Robotic Hand Using Thin Soft Muscles. IEEE Robot. Autom. Lett. 2017, 3, 92–99. [Google Scholar] [CrossRef]

	



Tasi, B.J.; Koller, M.; Cserey, G. Design of the Anatomically Correct, Biomechatronic Hand. arXiv 2019, arXiv:1909.07966. [Google Scholar]

	



Hughes, J.; Maiolino, P.; Iida, F. An anthropomorphic soft skeleton hand exploiting conditional models for piano playing. Sci. Robot. 2018, 3, eaau3098. [Google Scholar] [CrossRef] [PubMed]

	



Tian, L.; Li, H.; Wang, Q.; Du, X.; Tao, J.; Chong, J.S.; Thalmann, N.M.; Zheng, J. Towards Complex and Continuous Manipulation: A Gesture Based Anthropomorphic Robotic Hand Design. IEEE Robot. Autom. Lett. 2021, 6, 5461–5468. [Google Scholar]

	



Tian, L.; Li, H.; Halil, M.F.K.B.A.; Thalmann, N.M.; Thalmann, D.; Zheng, J. Fast 3D Modeling of Anthropomorphic Robotic Hands Based on A Multi-layer Deformable Design. arXiv 2020, arXiv:2011.03742. [Google Scholar]

	



She, Y.; Li, C.; Cleary, J.; Su, H.-J. Design and Fabrication of a Soft Robotic Hand with Embedded Actuators and Sensors. J. Mech. Robot. 2015, 7, 021007. [Google Scholar] [CrossRef]

	



Tian, L.; Liu, J.; Thalmann, N.M.; Thalmann, D.; Zheng, J. Design of a Flexible Articulated Robotic Hand for a Humanoid Robot. In Proceedings of the 2019 IEEE-RAS 19th International Conference on Humanoid Robots (Humanoids), Toronto, ON, Canada, 15–17 October 2019; IEEE: Piscataway, NJ, USA, 2019; pp. 572–577. [Google Scholar]

	



Mattar, E. A survey of bio-inspired robotics hands implementation: New directions in dexterous manipulation. Robot. Auton. Syst. 2013, 61, 517–544. [Google Scholar] [CrossRef]

	



Angin, S.; Simsek, I. Comparative Kinesiology of the Human Body: Normal and Pathological Conditions; Academic Press: Cambridge, MA, USA, 2020. [Google Scholar]

	



Martin, R.B.; Burr, D.B.; Sharkey, N.A.; Fyhrie, D.P. Mechanical properties of ligament and tendon. In Skeletal Tissue Mechanics; Springer: Berlin/Heidelberg, Germany, 2015; pp. 175–225. [Google Scholar]

	



An, K.; Chao, E.; Cooney, W.; Linscheid, R. Normative model of human hand for biomechanical analysis. J. Biomech. 1979, 12, 775–788. [Google Scholar] [CrossRef]

	



Schmidt, H.-M.; Lanz, U. Surgical Anatomy of the Hand; Thieme: New York, NY, USA, 2011. [Google Scholar]

	



Neumann, D. Kinesiology of the Musculoskeletal System; Elsevier: St. Louis, MO, USA, 2010. [Google Scholar]

	



Akkaya, I.; Andrychowicz, M.; Chociej, M.; Litwin, M.; McGrew, B.; Petron, A.; Paino, A.; Plappert, M.; Powell, G.; Ribas, R.; et al. Solving rubik’s cube with a robot hand. arXiv 2019, arXiv:1910.07113. [Google Scholar]

	



Lin, J.; Wu, Y.; Huang, T. Modeling the constraints of human hand motion. In Proceedings of the Proceedings Workshop on Human Motion, Austin, TX, USA, 7–8 December 2000; pp. 121–126. [Google Scholar] [CrossRef]

	



Landsmeer, J. Studies in the anatomy of articulation. I. The equilibrium of the “intercalated” bone. Acta Morphol. Neer-Lando-Scand. 1961, 3, 287. [Google Scholar]

	



Brook, N.; Mizrahi, J.; Shoham, M.; Dayan, J. A biomechanical model of index finger dynamics. Med. Eng. Phys. 1995, 17, 54–63. [Google Scholar] [CrossRef]

	



Feix, T.; Romero, J.; Schmiedmayer, H.-B.; Dollar, A.M.; Kragic, D. The grasp taxonomy of human grasp types. IEEE Trans. Hum. -Mach. Syst. 2016, 46, 66–77. [Google Scholar] [CrossRef]

	



Verywellhealth. Generally Accepted Values for Normal Range of Motion (ROM) in Joints [Online]. Available online: https://www.verywellhealth.com/what-is-normal-range-of-motion-in-a-joint-3120361 (accessed on 16 September 2021).

	



OrthopaedicsOne. Carpometacarpal Joint [Online]. Available online: https://www.orthopaedicsone.com/x/ygPbB (accessed on 20 March 2012).








[image: Micromachines 12 01124 g001 550] 





Figure 1. The proposed robotic hand with an actuation system. 
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Figure 2. Finger joint and ligament. 
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Figure 3. Our robotic hand joint and ligament. 
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Figure 4. Graphical representation of the deformation of FormlabTM elastic 50 A material under pressure [33]. 
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Figure 5. Finger pulleys’ position and usage. 
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Figure 6. Our robotic hand tendon and pulley system. 
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Figure 7. (a) Front and back view of our 3D-printed robotic finger; (b) 3D model of the index finger; (c) lap joint example for ligament connection at the MCP; (d) annular snap-fit joint for a extensor tendon; and (e) annular snap-fit joint for a flexor tendon. 
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Figure 8. The simplified 9-DOF model of the proposed hand. 
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Figure 9. Graphical representation of the motion of the fingertips for each design during actuation. 
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Figure 10. Tasks. Row 1 presents the performance of five Kapandji tests. Rows 2–4 show the robotic hand performing 12 gestures from the grasping taxonomy. 
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Table 1. Comparison of human-like robotic hands.
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	Type
	Representative Product
	Appearance
	Actuated Method
	Joint
	Tendon
	Pulley System





	Traditional
	Shadow hand [3]
	Mechanical rigid
	Electric motor
	Metal pin-joint
	Thread
	Rigid structure, robust



	Highly biometric
	Xu Zhe’s robotic hand [28]
	Bones based
	Electric motor
	Crocheted ligament
	Nylon thread
	Laser-cut rubber sheet



	Soft material
	RBO hand [13]
	Streamlined cylinder
	Pneumatic/Fluidic motor
	No
	Curl
	Soft body, big actuation system



	Soft material + Soft actuator
	Yu She’s robotic hand [34]
	Streamlined cylinder
	Soft actuator (Shape memory alloy)
	No
	Curl
	Soft body, Small grip force



	flexible surface + rigid palm bones
	Nadine hand V4 [35]
	Hand shape
	Electric motor
	Flexible pin-joint
	Turn
	Soft body, weak in joint structure



	Highly biometric
	Nadine hand V5 [32]
	Hand shape (capable with silicone skin)
	Electric motor
	Bone-joint
	Turn
	Soft body, rigid bones



	Single material
	The proposed design
	Hand shape (capable with silicone skin)
	Electric motor
	Soft bone-Joint
	Turn
	Soft body, soft bones
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Table 2. Comparison of 3D-printed materials and a rubber band.
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	Formlabs

Flexible FLGR02
	Formlabs

Elastic RS-F2-ELCL-01
	Rubber Band
	Human Ligament [38]





	Elongation
	120%
	160%
	750–850%
	68%



	Tensile Strength
	7.7–8.5 MPa
	3.2 MPa
	20–30 MPa
	50–150 MPa



	Hardness
	80–85 A
	50 A
	20–30 A
	N.A.
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Table 3. Comparison of the range of motion.
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	Finger
	Joint
	Human Hand (°)

[47,48]
	The Proposed Design (°)





	Thumb
	IP
	0–90
	0–85



	
	MCP
	0–70
	0–83



	
	CMC
	0–53
	0–60



	
	Add./Abd.
	−40–50
	0–50



	Index
	DIP
	0–80
	0–70



	
	PIP
	0–120
	0–77



	
	MCP
	0–90
	16–110



	
	Add./Abd.
	−20–25
	−25–26



	Middle
	DIP
	0–80
	0–78



	
	PIP
	0–120
	0–92



	
	MCP
	0–90
	−19–100



	
	Add./Abd.
	−20–25
	−10–26
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