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Wearable robots assist individuals with sensorimotor impairment in daily life, or support industrial workers in physically demanding tasks. In such scenarios, low mass and compact design are crucial factors for device acceptance. Remote actuation systems (RAS) have emerged as a popular approach in wearable robots to reduce perceived weight and increase usability. Different RAS have been presented in the literature to accommodate for a wide range of applications and related design requirements. The push toward use of wearable robotics in out-of-the-lab applications in clinics, home environments, or industry created a shift in requirements for RAS. In this context, high durability, ergonomics, and simple maintenance gain in importance. However, these are only rarely considered and evaluated in research publications, despite being drivers for device abandonment by end-users. In this paper, we summarize existing approaches of RAS for wearable assistive technology in a literature review and compare advantages and disadvantages, focusing on specific evaluation criteria for out-of-the-lab applications to provide guidelines for the selection of RAS. Based on the gained insights, we present the development, optimization, and evaluation of a cable-based RAS for out-of-the-lab applications in a wearable assistive soft hand exoskeleton. The presented RAS features full wearability, high durability, high efficiency, and appealing design while fulfilling ergonomic criteria such as low mass and high wearing comfort. This work aims to support the transfer of RAS for wearable robotics from controlled lab environments to out-of-the-lab applications.
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1. INTRODUCTION

The field of wearable robotics has received increasing interest over the past years, in particular with the introduction of soft materials and technologies (Chu and Patterson, 2018; Walsh, 2018). Thanks to their inherent compliance allowing to closely mimic, follow, or support a user's motion, soft wearable robots may offer unique beneficial properties in terms of comfort, safety, and efficiency compared to their rigid counterparts (Chiaradia et al., 2019; Sanchez-Villamanan et al., 2019). As such, they are promising solutions for applications as assistive devices supporting individuals with impairment in therapy or activities of daily living (ADLs) or to facilitate physically demanding tasks in industrial work. Most application scenarios targeting daily use of such wearable robots require full wearability besides inherent softness (Chu and Patterson, 2018). In the design of fully wearable (i.e., untethered) devices, small size and especially low mass and inertia while providing high output forces or torques are crucial factors (Sarac et al., 2019). Perceived carried weight on the extremities was identified as the most critical design property for users to accept or abandon their devices in a study with 242 prosthesis users (Biddiss et al., 2007). When mass and volume constraints cannot be met, remote actuation systems (RAS) are an excellent alternative to minimize carried weight on extremities (Veale and Xie, 2016). Typically, a RAS consists of an actuation unit, a transmission system, and an output. The actuation unit provides mechanical power, which is transmitted by the transmission system. The output transforms the power into the motion and force required by the wearable assistive device. While mass and volume of the overall system increase due to the additional components required for power transmission, remote actuation reallocates the actuator mass away from the extremities to more proximal body parts, e.g., the trunk, and consequently reduces perceived load and inertial effects.

Many different remote actuation principles have been described in the literature for wearable devices (Bos et al., 2016; Veale and Xie, 2016; Manna and Dubey, 2018), all featuring different advantages and drawbacks for wearable applications. In this large design space, selecting and optimizing appropriate RAS can be challenging due to the wide range of application scenarios for wearable robots. The requirements vary depending on the wearable device to actuate, the body functions to be supported, and the constraints linked to the intended use case. Wearable assistive devices that are expected to improve the quality of life of people with sensorimotor impairment by functionally supporting wearers in ADLs (e.g., Yap et al., 2016; Haufe et al., 2019) represent one of the most common application scenarios for RAS (Bos et al., 2016). Low mass and volume on the supported extremities are especially relevant for applications of wearable assistive devices since the extremities of users with sensorimotor impairment are commonly weak (Chae et al., 2002; Ada et al., 2006). Although a large number of remote actuation system (RAS) for wearable assistive devices have been presented, many of these RAS still struggle with full wearability due to often bulky designs. Besides, as many research projects strive for the transfer of wearable assistive robots out of the controlled lab environments toward longitudinal testing in home environments or clinics (Reinkensmeyer, 2019), additional key requirements for RAS emerge that are often not fulfilled by current wearable assistive devices, resulting in low device adoption by end-users (Chu and Patterson, 2018). In particular, a major challenge in the transfer of wearable assistive technologies to such out-of-the-lab applications is durability. This aspect is rarely evaluated and reported in research publications, although highly significant for longitudinal applications and testing (Jeong et al., 2020). Furthermore, properties influencing wearability, e.g., overall mass and volume, and device ergonomics (e.g., wearing comfort, and heat and noise emission) become even more important. By considering these specific requirements throughout the entire design process of a RAS, starting from the selection of the working principle and its mechanical components up to the performance evaluation, we expect to move wearable robots closer to out-of-the-lab applications.

The objective of this paper is to provide an overview of RAS for wearable assistive devices and discuss existing solutions in view of out-of-the-lab applications. In particular, design requirements such as durability, efficiency, ergonomics, and maintenance are considered to identify the most suitable RAS to actuate a fully wearable assistive robot. Based on the gained insights, we revisit and optimize a previously presented RAS (Hofmann et al., 2018) for long-term, independent out-of-the-lab use with a fully wearable hand exoskeleton for assistance during ADLs in people with hand neuromotor impairment (Bützer et al., 2020), representing a typical design case of a wearable assistive device requiring an efficient, lightweight, and soft RAS. Finally, we present the performance evaluation of the developed RAS with regard to durability and ergonomics.



2. MATERIALS AND METHODS


2.1. Literature Review

A review of RAS for wearable assistive devices presented in the literature was conducted to identify the most common working principles. The search was performed online on scholar.google.com with the keywords “(torque transmission or force transmission or remote actuation or remotely actuated or remote actuator) and (portable or wearable) and (device or robot or system)” in May 2020. Wearable devices presented in those papers were screened for their application scenario and actuation principle. Publications making use of direct drive systems or aiming at intended applications other than fully wearable assistive robotics were excluded. For the qualitative analysis, the RAS were divided into the three main subunits (actuation unit, transmission system, and output). Additionally, the RAS were categorized by the type of transmission principle (pneumatic, hydraulic, and cable-based). Emerging actuator technologies such as heat-driven shape memory alloys (SMA), electroactive polymers (EAP), or piezoelectric motors were not analyzed in this review due to their currently still low technology readiness and major limitations in terms of wearability, output power, bandwidth, need for dedicated electronics, and applicability in out-of-the-lab use (Veale and Xie, 2016; Manna and Dubey, 2018; Zhu et al., 2020). Furthermore, hybrid approaches combining pneumatic and cable-based transmission systems were excluded (Jiang et al., 2018; Stilli et al., 2018; Gerez et al., 2020). While uniting transmission-specific advantages, the increased complexity and need for multiple actuation systems limit the application in fully wearable robotics. In total, 81 manuscripts describing RAS were included in the qualitative review.

The underlying working principles of pneumatic, hydraulic, and cable-based RAS and their technical implementation are summarized and discussed in the following. Afterward, we examine the applicability, advantages, and disadvantages to rate the RAS principles with respect to the specific context of out-of-the-lab applications of wearable assistive devices.


2.1.1. Pneumatic Transmissions

Pneumatics is one of the most commonly used RAS principles for wearable assistive devices, mainly for upper-limb applications (He et al., 2005; Sasaki et al., 2005; Takahashi et al., 2005; Takahashi et al., 2020; Costa and Caldwell, 2006; Gordon et al., 2006; Balasubramanian et al., 2008; Beyl et al., 2008; Jia-Fan et al., 2008; Ino et al., 2009; Vanderhoff and Kim, 2009; Xing et al., 2009; Hurst and Aw, 2011; Bae and Moon, 2012; Heo et al., 2013; Huang and Chen, 2013; Tjahyono et al., 2013; Noda et al., 2014; Park et al., 2014a,b; Patar et al., 2014; Yap et al., 2015; Zhao et al., 2015; Haghshenas-Jaryani et al., 2016; Chen et al., 2017; Sun et al., 2017; Yun Y. et al., 2017; Zhou et al., 2019; Ge et al., 2020; Hong et al., 2020). In the actuation unit, pneumatic energy is stored in form of highly pressurized air or generated by pumps powered by batteries. Usually, valves and regulators control airflow and pressure through pneumatic hoses (tubes) made from polyurethane or polyethylene (PE). At the output, pneumatic actuators transform the power provided as pressurized air into the mechanical power required by the wearable assistive device, i.e., force or torque, and linear or rotary motion.

Small and lightweight pneumatic hoses can transmit high mechanical power by pressurized air (typical pressure range from 0.6 to 1 MPa). The compliance of air is advantageous for safe interaction between human and robot. At low gas speeds and flow rates, the pressure drops along pneumatic hoses are low and not influenced by changing bending angles of the transmission system. In return, the compliance limits the achievable force/position bandwidth. Since air can be released into the surrounding, there is no need for return or collection systems. However, potential energy is released together with the pressurized air after performing work, negatively impacting the efficiency of the RAS. Long transmission lines increase the dead volume and therefore reduce efficiency. At high pressures, hoses can burst, potentially causing severe injuries.

Most frequently, conventional pressure generators or external compressed air supplies (e.g., stationary air supply systems as found in many laboratories) have been used as power sources at the input (He et al., 2005; Sasaki et al., 2005; Takahashi et al., 2005; Gordon et al., 2006; Beyl et al., 2008; Heo et al., 2013; Huang and Chen, 2013; Park et al., 2014b; Patar et al., 2014; Zhao et al., 2015; Haghshenas-Jaryani et al., 2016; Chen et al., 2017; Sun et al., 2017; Zhou et al., 2019; Hong et al., 2020). Alternatively, compressors based on metal hydrides (MH) have been presented (Ino et al., 2009; Vanderhoff and Kim, 2009). MHs are capable of storing a large amount of hydrogen, which is released from or bound to the metal in a reversible chemical reaction as soon as the MH is heated or cooled. Other RAS either used miniature pneumatic pumps (Lucas et al., 2004; Yun Y. et al., 2017; Ge et al., 2020) or tanks storing pressurized air or liquid gas (Noda et al., 2014; Park et al., 2014b; Luo et al., 2015) to provide pneumatic pressure.

At the output, pneumatic artificial muscles (PAM) are one possible solution offering very high power at low mass. PAM are often configured in pairs (agonist and antagonist) (Gordon et al., 2006; Beyl et al., 2008; Jia-Fan et al., 2008; Noda et al., 2014) or combined with springs for bidirectional force control (He et al., 2005; Heo et al., 2013), since an individual PAM can only provide unidirectional forces by contracting upon inflation, similar to human muscles. In contrast to PAM, pneumatic bellows extend upon activation (Ino et al., 2009; Yun Y. et al., 2017; Zhou et al., 2019). Recently, soft pneumatic actuators (SPA) made from silicone-like materials and designed to follow complex motion patterns received increasing interest (Yap et al., 2015; Zhao et al., 2015; Haghshenas-Jaryani et al., 2016; Agarwal et al., 2017; Sun et al., 2017; Hong et al., 2020). SPA with variable stiffness can accurately reproduce motion patterns without rigid mechanical support structures like joints or links (Yap et al., 2015; Zhao et al., 2015; Haghshenas-Jaryani et al., 2016; Agarwal et al., 2017; Sun et al., 2017). Double- and single-acting pneumatic cylinders are a further common type of output (Lucas et al., 2004; Takahashi et al., 2005; Bae and Moon, 2012; Huang and Chen, 2013; Patar et al., 2014). Cylinders can exert high bidirectional linear forces but have a limited stroke length and suffer from relatively high static friction resulting from integrated sealings.



2.1.2. Hydraulic Transmissions

Hydraulic power transmissions have been used frequently in RAS (Takemura et al., 2005; Kargov et al., 2008; Pylatiuk et al., 2009; Kaminaga et al., 2010; Ohnishi et al., 2013; Bechet and Ohnishi, 2014; Lee, 2014; Smit et al., 2014b; Polygerinos et al., 2015; Ouyang et al., 2016; Bos et al., 2020; Chen et al., 2020). In contrast to pneumatic RAS, which are usually limited to pressure control, pressure and flow can be generated and controlled at the input of hydraulic RAS. Hydraulic hoses filled with an incompressible fluid connect the actuation unit to the output and transmit the generated power. At the output, hydraulic actuators transduce the hydraulic power into the required mechanical power. Hydraulic RAS feature high controllability and bandwidth. The transmission system is often stiffer compared to other RAS principles, primarily if operated at high pressures (typical pressure range from 1 to 10 MPa). Furthermore, return systems are required for the fluid.

Since liquids are nearly incompressible, they cannot be pre-pressurized to store energy in a tank. Therefore, hydraulic pressure and flow have to be generated in the actuation unit. Most hydraulic systems use hydraulic pumps in combination with valves to control the flow through the hoses (Kargov et al., 2008; Pylatiuk et al., 2009; Kaminaga et al., 2010; Lee, 2014; Polygerinos et al., 2015; Ouyang et al., 2016). Hydraulic cylinders are a different common approach to generate pressure and flow. Linear or rotary electromagnetic motors (Ohnishi et al., 2013; Bechet and Ohnishi, 2014; Chen et al., 2020) or body power (Smit et al., 2014b; Bos et al., 2020) have been used to drive the piston of conventional hydraulic cylinders.

The most common types of hydraulic outputs are single- and double-acting cylinders combined with hydraulic cylinders driven by electric motors (Ohnishi et al., 2013; Bechet and Ohnishi, 2014; Bos et al., 2020) or pumps (Lee, 2014; Ouyang et al., 2016) in the actuation unit. Bellow actuators (Kargov et al., 2008; Pylatiuk et al., 2009), implementations of hydraulic artificial muscles (HAM) (Takemura et al., 2005), and soft hydraulic actuators (SHA) (Polygerinos et al., 2015; Chen et al., 2020) have been integrated into hydraulic-based RAS. The working principles of the different outputs cylinders, bellows, HAM, and SHA are similar to their equivalent pneumatic version.



2.1.3. Cable-Based Transmissions

In cable-based RAS, a rope or a cable mechanically connects the actuation unit to the output. Most of the reviewed RAS use Bowden cables consisting of a cable guided in a sheath (Letier et al., 2006; Veneman et al., 2007; Kong et al., 2009; Wang et al., 2009; Vitiello et al., 2013; Agarwal et al., 2015; Asbeck et al., 2015; Bartenbach et al., 2015; Cempini et al., 2015; In et al., 2015; Nycz et al., 2015, 2016; Cappello et al., 2016; Choi et al., 2016; Choi et al., 2019; Dinh et al., 2016; Kalantari and Ghaffari, 2016; Norman et al., 2016; Xiloyannis et al., 2016, 2019; Blumenschein et al., 2017; Jeong and Cho, 2017; Popov et al., 2017; Yun S.-S. et al., 2017; Randazzo et al., 2018; Yi et al., 2018; Burns et al., 2019; Dwivedi et al., 2019; Tran et al., 2020). Electrical motors are most commonly used to actuate the cable transmission. As an output, guide rails or winches are often sufficient, resulting in lightweight and compact designs (Chiri et al., 2009; In et al., 2015; Nycz et al., 2015, 2016; Jeong and Cho, 2017).

Bowden-cable-based RAS can easily provide unidirectional motion to the wearable assistive device by pulling on the transmission cable. To achieve bidirectional transmission, either single rods allowing to transmit pushing forces (push-pull configuration, e.g., Randazzo et al., 2018) or cables configured in pairs (pull–pull configuration, e.g., Hofmann et al., 2018) can be used. Bowden-cable-based transmissions often suffer from backlash and friction losses depending on the bending angle of the transmission system (Agarwal et al., 2015; Nycz et al., 2016; Jeong and Cho, 2020). Consequently, accurate force, torque, or position control have mostly been achieved by placing sensors at the output (Letier et al., 2006; Agarwal et al., 2015; Asbeck et al., 2015). Alternatively, in Hofmann et al. (2018) and Jeong and Cho (2017), bending angle sensors combined with dynamic feed-forward friction compensation were presented, such that no sensors were needed at the output. Often, series elastic elements (SEE) have been used to measure the force transmitted by Bowden cables at the output (Agarwal et al., 2015; Blumenschein et al., 2017; Marconi et al., 2019). SEE have also been used to pretension the wires and make the transmission more compliant (Veneman et al., 2007).

Actuation units of cable-based transmission systems are mostly composed of rotational electromagnetic motors in combination with gears (Veneman et al., 2007; Asbeck et al., 2015; Nycz et al., 2015; Xiloyannis et al., 2016, 2019; Blumenschein et al., 2017; Park et al., 2019; Rose and O'Malley, 2019), pulleys (Vitiello et al., 2013; Choi et al., 2019), lead screws (Cempini et al., 2015), or winches (Letier et al., 2006; Agarwal et al., 2015; In et al., 2015; Cappello et al., 2016; Dinh et al., 2016; Kalantari and Ghaffari, 2016; Xiloyannis et al., 2016; Jeong and Cho, 2017; Thielbar et al., 2017; Tran et al., 2020). Alternatively, linear motors and servo motors, directly attached to the cable, have been used (Choi et al., 2016; Norman et al., 2016; Nycz et al., 2016; Yun S.-S. et al., 2017; Kim and Park, 2018; Lemerle et al., 2018; Burns et al., 2019). Yi et al. (2018) combined a linear SPA with Bowden cables to drive the flexion/extension of the fingers of a wearable hand exoskeleton.

The cables can be attached to a pulley or a gear when rotational motion is required at the output (Letier et al., 2006; Veneman et al., 2007; Vitiello et al., 2013; Agarwal et al., 2015; Cempini et al., 2015; Cappello et al., 2016; Choi et al., 2016; Dinh et al., 2016; Kalantari and Ghaffari, 2016; Thielbar et al., 2017; Yun S.-S. et al., 2017). Bidirectional rotational motion has often been achieved by connecting a pair of Bowden cables to a pulley (pull-pull torque transmission system). When linear motion is required at the output, the end of the cable most often serves as output and is attached directly to strategically chosen anchor points, e.g., on a glove or an exosuit either in unidirectional (Asbeck et al., 2015; Bartenbach et al., 2015; In et al., 2015; Nycz et al., 2015; Norman et al., 2016; Xiloyannis et al., 2016, 2019; Blumenschein et al., 2017; Kang et al., 2018; Kim and Park, 2018; Choi et al., 2019; Dwivedi et al., 2019; Rose and O'Malley, 2019; Tran et al., 2020) or in a push–pull configuration (Nycz et al., 2016; Randazzo et al., 2018).




2.2. Discussion of RAS Principles and Evaluation for Out-of-the-Lab Application

A summary of the RAS found in the literature is given in Figure 1, with each transmission system listed with the corresponding actuation units and outputs. Despite the intended application in fully wearable assistive robotics, only 25 out of the 81 (31%) reviewed RAS are fully wearable, assessed based on form factor, mass, and independence of permanently installed power sources. The most significant proportion (14 out of 25) of the identified fully wearable assistive devices are based on Bowden cables, mostly actuated by DC motors (10 out of 14) rather than, e.g., linear, stepper, or servo motors. In terms of the output of the RAS, fully wearable devices have been presented for almost all output principles. RAS that are not fully wearable and portable (e.g., tethered actuation units) were excluded from the evaluation for out-of-the-lab applications since these remain mandatory criteria for applications of wearable assistive devices. Consequently, stationary air supplies and compressors were not considered to be possible solutions due to the lack of lightweight and small pressure generators. MH compressors are more lightweight, and the chemical reaction is silent. However, pressure generation is slow and energy inefficient, and no fully wearable device incorporating MH has been presented.
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FIGURE 1. An overview of identified working principles of RAS from the literature research: Combinations of actuation units, transmission systems, and outputs are shown with line thickness indicating the estimated frequency of occurrence. Dark lines represent the combinations that can be considered fully wearable and thus potentially applicable in out-of-the-lab applications.


The out-of-the-lab application of wearable assistive devices entails specific design requirements and challenges regarding RAS in addition to full wearability. The main arising requirements are high durability and low maintenance to enable continuous, longitudinal testing and application in clinics or user's homes where technical support is not readily available. In this regard, maintenance covers both daily handling by users (e.g., replacement and recharging of power source, donning/doffing, setup), and managing technical issues due to, e.g., wear and tear of the RAS. Durability is rarely reported in the literature and hard to rate for existing RAS. Here, we chose efficiency as a key requirement representing an indirect measure for the durability of a RAS since it strongly affects the wear on the mechanical transmission system. High overall efficiency is further a critical property of RAS regarding maximum output power, power consumption and with that battery runtime, and component selection, allowing the use of more compact and lightweight actuators and power sources to reduce the mass and volume of the overall RAS. However, the durability of a RAS needs to be specifically evaluated. To factor in the level of wearability of the RAS, power density (mechanical power per mass or volume) was chosen to summarize how compact and lightweight a RAS can be designed. Target values for efficiency and power density strongly depend on the application scenario but need to be maximized. Safety and ergonomics in terms of wearing comfort (soft design, i.e., not impeding the motion of the user), low noise emission, and dust- and waterproof design (e.g., against spillage in daily tasks or for disinfecting after clinical applications) gain additional importance.

To synthesize the findings of the literature review and evaluate the most suitable fully wearable RAS for out-of-the-lab applications, we rated the fully wearable combinations of actuation units, transmission systems, and outputs based on a Pugh analysis (Pugh, 1981) as shown in Table 1. The RAS concepts were compared and scored by weighting advantages against disadvantages for each solution and each requirement defined for out-of-the-lab applications (maintenance, efficiency, power density, safety, and ergonomics). Actuation units for cable-based approaches were categorized into linear motors with push-pull cables and rotary motors (DC, servo, and stepper) with pull–pull cables. The scores range from – – (worst) to + + (best), 0 indicating a “neutral” rating towards the other solutions. The final scores were established based on the ratings from 3 of the authors (JD, UATH, GS), which were based on objective information extracted from the literature reviews (see Supplementary Table 1) as well as their own experience. Great care was taken to select design requirements and their corresponding weightings neutrally. Nevertheless, it should be noted that when designing a RAS for a specific application scenario, additional requirements might need to be considered, or weightings might need to be adjusted.


Table 1. Pugh analysis of available fully wearable RAS concepts categorized by transmission system for out-of-the-lab applications.
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2.2.1. Maintenance

Wearable assistive devices should be easy to handle independently by end-users with sensorimotor impairment or by caregivers (e.g., therapists, family members, friends), including exchanging power sources, setting up (e.g., donning and doffing), or adjusting the device to individual users. Air tanks used to power pneumatic RAS feature limited capacity for small-scale designs, and the need to be refilled from air supplies often not accessible outside the lab (Luo et al., 2015). RAS powered by batteries are easier to handle by the users in terms of recharging, but also replacement since batteries can be considered more common in daily use. Body-powered systems do not require these steps at all, but they might require the user to readjust the transmission system's length or the anchor point, which might be challenging for users with sensorimotor impairment. Cable-based RAS can be designed to be separable from the actuated assistive device by, e.g., detaching the cables at anchor points, which is generally not possible for soft pneumatic and hydraulic actuators, bellows, or artificial muscles that are directly placed on assisted body parts. Depending on the specific design, this influences the ease of donning and doffing. The possibility to don and doff a cable-based RAS and the remotely actuated part of the device (e.g., glove, exosuit) separately might facilitate the setup. However, an additional step to connect the output of the RAS to the assistive device is required. Regarding technical maintenance, this modularity of cable-based RAS is beneficial, allowing quick repair or replacement of specific components of the RAS since structural failures are very common along the transmission path, e.g., especially breaking of the cable (Jeong et al., 2020). The increased wear and tear of soft pneumatic and hydraulic actuators, artificial muscles, bellows, and cylinders leads to an increased need for replacement compared to cable-based RAS. Further, leakage in hydraulic RAS can result in an increased need for service to refill hydraulic systems, depending on the specific design (e.g., after 80,000 grasp cycles in Smit et al., 2014b).



2.2.2. Efficiency

High efficiency of the RAS influences several other properties of wearable robotic devices such as durability, power consumption, or maximum output power. Starting from the transmission, the mechanical transmission efficiency of push-and-pull mechanisms is usually around 70–80 % (Grosu et al., 2018), but can reach values of up to 96 % (Grosu et al., 2019). However, the mechanical transmission efficiency of cable-based systems highly depends on the bending angle (Agarwal et al., 2015; Nycz et al., 2016; Jeong and Cho, 2020). In terms of their actuation, DC motors reach high efficiencies. Depending on the output mechanism in pull–pull cable transmissions, friction losses in the additional structure (e.g., rack-and-pinion mechanisms) need to be considered. The efficiency of hydraulic and pneumatic actuators is one of their major limitations (Veale and Xie, 2016). The overall efficiency of pneumatic systems is often low since air is released into the surrounding (<30 %, Veale and Xie, 2016), but independent of the bending angle within the range that can be expected in wearable applications (0–180°). RAS based on pressure tanks require regulators leading to energy losses during the expansion (Noda et al., 2014; Park et al., 2014b). For hydraulic RAS, the transmission efficiency usually highly depends on the output type. At high flow speed, e.g., induced by small hose diameters, the hydraulic transmission efficiency decreases and becomes bending angle and transmission length dependent. Cylinders generally feature lower efficiency than bellows, artificial muscles, or soft pneumatic and hydraulic actuators due to friction losses in sealings. Overall, efficiency is a key criterion that needs to be considered and addressed during the design process of all RAS types to achieve high output forces and controllability.



2.2.3. Power Density

In daily use of wearable assistive devices, wearers require the entire device to be lightweight to move around freely and profit from its assistance over several hours without causing discomfort or fatigue. Furthermore, the wearable assistive device should be compact and low profile to allow wearing clothing over it when going outside (Boser et al., 2018). High power density is required to reduce the mass and the volume of the RAS. In general, hydraulic transmission systems provide the highest power density out of the three RAS principles (Veale and Xie, 2016), especially compared to pneumatic RAS typically operated at lower pressures. However, actuation unit and output usually account for a larger proportion of the mass and volume of RAS than the transmission. Regarding hydraulic actuation units, hydraulic cylinders and linear motors have limited stroke length or result in bulky setups compared to more compact pumps. In contrast, cylinders can be operated at higher pressures allowing for smaller outputs (Smit and Plettenburg, 2011; Smit et al., 2014b). Similarly, air tanks storing liquid gas to power pneumatic RAS are more space consuming than pumps but can supply higher pressures. In terms of hydraulic and pneumatic outputs, PAM feature high power at low mass but have to be combined with springs or configured in pairs to provide bidirectional motion resulting in bulky outputs. Cylinder actuators can provide bidirectional motion at high power density in thin-walled designs (Plettenburg, 2005). Soft pneumatic and hydraulic actuators, and bellows are generally also more lightweight than PAM (Hong et al., 2020). For cable-based RAS, a push-pull configuration requires cables of larger diameter (and stiffness) than in a pull–pull configuration to transmit pushing forces. However, transmissions in a pull–pull setting require additional structures (e.g., second transmission cable and pulley at the output) to transform the unidirectional into bidirectional motion, increasing overall mass and volume. Electric motors can provide high strength at compact and lightweight design (Grosu et al., 2018). The power density of body-powered systems depends on the physical condition of the user, strongly varying among people with sensorimotor impairments. However, additional structures required for actuated assistive devices such as actuators or power sources are not required for body-powered devices, considerably reducing mass and volume.



2.2.4. Safety

Safety aspects of a wearable assistive device address user interaction (e.g., exertion of forces and torques on the body) as well as potential risks for the user in case of device malfunction. Safe user interaction and safety mechanisms can be implemented computationally in RAS that feature high controllability (e.g., biomimetic trajectory control to avoid potentially hazardous motion induced on user). However, inherent compliance is considered to provide a higher level of safety and robustness (Veale and Xie, 2016). Therefore, the inherent compliance of pressurized air makes pneumatics a safe solution for user interaction in low-pressure regimes. Cable-based RAS also provide some compliance but are less controllable due to friction and backlash issues. Hydraulic RAS feature good controllability, smooth actuation, and high bandwidth (Veale and Xie, 2016), especially for bellow outputs that offer an almost constant force during extension. Soft pneumatic and hydraulic actuators and artificial muscles suffer from nonlinearities, reducing the controllability, and buckling, potentially causing harmful motion for the user (Martinez et al., 2008). Cylinders feature high linearity due to the constant cross-section along the whole stroke length but are affected by nonlinear friction making the control challenging (Huang and Chen, 2013). Body-powered RAS can be considered safe since the user has direct control over the device. Regarding RAS failures, hoses of pneumatic and hydraulic transmissions might burst under high pressure with potentially hazardous consequences, especially in RAS operated at high pressures (e.g., hydraulic cylinders). Failure of cable-based RAS due to break of transmission cables are a frequent malfunction, but solely results in de-powering the wearable assistive device, generally not harming the user.



2.2.5. Ergonomics

In terms of ergonomics, high user acceptance for long-term, out-of-the-lab application depends on different criteria. High wearing comfort is required to prevent pressure points and discomfort over an extended usage period (up to 1 day in daily use) or hindering the user's motion. Accordingly, the weight of RAS needs to be considered. Therefore, the rating of the power density was factored in as an aspect of ergonomics. The RAS needs to be water- and dustproof, especially if the assistive device supports hand function during ADLs where the user gets in contact with liquid substances such as cleaning or grooming. Additionally, the RAS should be cleanable and, mainly in clinical applications, disinfectable. Noise emission should be kept to a minimum due to its disturbance and annoyance, e.g., during conversations or in public. Cable-based RAS, especially in pull–pull configuration realizable with thin cables, offer a soft and slender transmission (Jeong and Cho, 2020), increasing the wearing comfort. Hydraulic and pneumatic hoses tend to be more rigid and stiffen strongly when operated at high pressures, hindering the user's motion. Body-powered systems are often limited regarding wearing comfort (i.e., of the harness) and might lead to fatigue of the user over time (Biddiss et al., 2007). Regarding outputs, artificial muscles, soft pneumatic and hydraulic actuators, and bellows feature increased wearing comfort compared to cylinder-type outputs due to the often low-profile and biomimetic design allowing to fit the user's body shape and motion naturally (Yun Y. et al., 2017; Cappello et al., 2018; Hong et al., 2020). Hydraulic systems can be well controlled in a feed-forward manner, which allows for waterproof outputs free from electronics. However, even small leakage of fluids might cause inconveniences in daily life (e.g., spilling over clothes or food). Pneumatic systems have high noise emissions, e.g., in tank-based systems due to pressure control via valves and air release into the surrounding. Hydraulic and cable-based RAS operate more silently, primarily if actuated by electric motors. The noise emission of body-powered systems is very low.




2.3. Design Case: Fully Wearable Hand Exoskeleton

Building on the findings of the literature review, we selected, designed, and optimized a RAS in the context of the out-of-the-lab application of a fully wearable assistive device. As a design case, we chose the clinical and at-home application of the remote actuation unit of an assistive hand exoskeleton for adults and children with hand sensorimotor impairment presented in Bützer et al. (2019), Bützer et al. (2020) (Figure 2). The hand exoskeleton actively supports the four fingers' flexion and extension (index, middle, ring, and little finger) combined and the thumb separately. By additionally allowing thumb opposition through a passive slider (presented in detail in Bützer et al., 2020), the hand exoskeleton can assist users in performing the most relevant grasp types for daily life (e.g., power grasp, precision pinch, and lateral grasp). For the actuation of the hand exoskeleton, two separate RAS are required to provide a bidirectional, linear output to drive the three-layered spring mechanism implemented in the thumb and the fingers (Bützer et al., 2020) (illustrated in Figure 2). By linearly displacing a sliding spring blade mounted on top of a fixed spring blade, a bending motion of the springs is induced through the relative length change. Rigid elements and a third layer of spring blades connecting the springs confine the bending in three segments, resulting in a biomimetic motion similar to flexion/extension of a human finger.
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FIGURE 2. Assistive hand exoskeleton selected for the design case: The hand exoskeleton actively supports the flexion and extension of the four fingers and the thumb actuated by two separate RAS, as well as manual thumb opposition through a slider. The functionality is based on the illustrated three-layered spring mechanism. By linearly displacing a sliding spring mounted on top of a fixed spring, a bending motion of the springs is induced through the relative length change. Rigid elements and a third layer of spring blades connecting the springs confine the bending in three segments, resulting in biomimetic motion.


Since the hand exoskeleton proved feasible in first user studies, longitudinal testing in daily life and clinical application is targeted to gather additional insights into usability and applicability in out-of-the-lab applications. In Nycz et al. (2016) and Hofmann et al. (2018), cable-based RAS for previous versions of the hand exoskeleton have been presented, of which the latter has been used in user tests conducted so far. However, moving toward application in highly intensive, task-oriented therapy, and daily use, the previous RAS performed poorly in durability. Due to the increased usage time and grasping frequency, malfunctions of the RAS occurred after few hours of use (<2,000 grasp cycles). Furthermore, the previous RAS struggled with low transmission efficiency and insufficient output force. To make the hand exoskeleton ready for long-term use in daily life in an at-home environment and the integration in clinics, we developed and optimized a RAS for these out-of-the-lab applications.


2.3.1. Quantitative Design Requirements and Selection of RAS Principle

To identify the optimal RAS principle for this specific design case, we weighted the criteria rated in the Pugh analysis regarding their importance from 1 (low importance) to 3 (critical). First and foremost, efficiency was rated critical (3 on importance scale) since it strongly influences the durability but also the need for maintenance of the RAS. Transmission efficiency of 90 % in the operating range relevant for the application scenario allows for a sufficiently accurate force control without taking the bending angle along the transmission path into account. This allows to simplify not only the output force control but also to reduce the mass and the volume and increase the durability and robustness of the RAS. In the application of the hand exoskeleton, bending angles of 135 ± 45° can be expected in daily grasping tasks, assuming the cable to be routed along the arm from the back to the hand (Desmurget et al., 1995; Butler et al., 2010). Ergonomics and appearance are further essential requirements (3) that are decisive for device acceptance by users (Boser et al., 2018). In that sense, the entire RAS is required to be water- and dustproof, nonobstructive to not restrict the user's movements, and easy to handle by a user with unilateral or bilateral arm/hand impairment. Further, safety is an important criterion when interfacing with users (2), but difficult to be evaluated and guaranteed. Low maintenance was considered important (2). In daily life, end-users of hand exoskeletons are often accompanied by caregivers, yet not by technical staff. Therefore, basic operations such as exchanging a battery can be considered feasible, but the need for technical maintenance such as exchanging broken components should be avoided, calling for a highly durable RAS. Power density was given a lower importance rating (1), although still very relevant to design lightweight RAS. The entire RAS needs to be fully wearable, e.g., in form of a compact and lightweight backpack to allow the users to move around freely. According to Moore et al. (2007) and Hong et al. (2008), 10–15 % of body weight depicts the cutoff point for the acceptable mass of backpacks for children. For 6-year-old children who have cerebral palsy, representing the youngest potential end-users of the hand exoskeleton, the maximum backpack mass would correspond to 1.25 kg (Krick et al., 1996). In terms of specific mechanical requirements for the application with the selected hand exoskeleton, the RAS needs to provide a force between 50 and 60 N per finger and a linear stroke of 40 mm to achieve full flexion of the fingers and fingertip forces relevant for daily grasping tasks (i.e., 5 N, Bützer et al., 2019). To perform ADLs, hand opening and closing at 0.5 Hz is desired. Since the four fingers are actuated simultaneously in the selected hand exoskeleton, the RAS needs to provide at least 200 N force at 20 mm s−1 velocity at the output.

Based on the weighting of the design requirements, a total weighted score for each RAS principle was calculated. From the rating presented in italics in Table 1, a cable-based pull–pull transmission was identified as the most suitable RAS principle for out-of-the-lab applications in hand exoskeletons to provide grasp assistance in daily life and therapy. Therefore, this evaluation supports the previous RAS selection made for the hand exoskeleton in Hofmann et al. (2018).

Since a bidirectional, linear output is required to actuate the hand exoskeleton, we propose a RAS based on a pull–pull Bowden cable transmission similar to Hofmann et al. (2018). The proposed RAS consists of an input winch at the actuation unit and a rack-and-pinion mechanism that converts rotation to linear motion and torque to force at the output (Figure 3). A rotational motor drives the input winch. This configuration features high scalability compared to direct transmissions at the output, allowing the use of the same RAS principle for the actuation of the fingers and the thumb by adapting the output mechanism only.


[image: Figure 3]
FIGURE 3. Working principle of the proposed Bowden-cable-based RAS: The transmission system consists of traction cables that are connected to an input winch and an output winch. A rotary electrical motor applies a torque τin to the input winch converting it to a cable tension Fc. At the output, a rack-and-pinion mechanism converts the torque from the output winch into a force Fout.




2.3.2. Component Selection and Implementation of a Cable-Based RAS

We designed a cable-based RAS to actuate the four long fingers of the hand exoskeleton. By increasing the efficiency, we aimed to develop a more durable, compact, and lightweight RAS. The RAS presented in Hofmann et al. (2018) relied on sensors to accurately control the output force due to the bending angle-dependent friction in the transmission, adding mass, volume, and complexity (e.g., sensors, additional electronics, and cables). To avoid the need for these additional structures and allow the use of lighter, small-scale actuators, transmission components, and power sources, the bending angle-dependent power losses along the transmission need to be minimized (Popov et al., 2017). Selecting axially stiff (against compression due to cable traction) sheaths with a longitudinal construction of flat-band steel rather than spiral-spring type constructions (Letier et al., 2006; Chen D. et al., 2014) and coated cables can reduce the friction losses and wear (Xiloyannis et al., 2016; Jeong et al., 2020). Stiff sheaths further prevent bending of the cable transmission at very small deflection radii, which would increase the wear on the cable and, consequently, decrease the transmission efficiency over time (Letier et al., 2006). Accordingly, custom-made, flat-band steel sheaths (inner diameter 0.6 mm, outer diameter 1.1 mm) were used due to their small diameter, high flexibility toward bending but high axial stiffness, and beneficial friction properties. High transmission efficiency and increased durability can further be achieved by evaluating optimal material pairings of sheaths and cables (Letier et al., 2006). Two different cable types fitting into the sheaths were included for further evaluation. Custom-made, Teflon-coated steel cables (diameter 0.3 mm) were selected as a trade-off between cable stiffness and transmittable force (70 N). Micro-coated PE fiber wires (Spiderwire stealth smooth 8, Columbia, USA; diameter 0.39 mm) were additionally evaluated, as they feature greater bearing capacity (180 N) and higher flexibility at comparable diameter to the steel cables. In a next mechanical design step, the radius of the output winch rw,o was calculated as a function of the required output force Fout based on maximum cable tension Fc,max, the expected efficiency of the transmission system ηt at the maximally expected bending angle (90 % at 180°) as well as the expected efficiency of the rack and pinion ηrp (95 %):
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where S is the safety factor (here set to 1.5) and rp is the pitch radius of pinion.

The rack was scaled proportionally in width and height for sufficient output force Fout and in length for the required stroke. Decreasing cable speed was shown to increase the efficiency of RAS (Chen D. et al., 2014). To achieve the desired output force and to keep the required cable speed low, we set the gear ratio of the output mechanism to 5 (rw,o = 12.5 mm, rp = 2.5 mm). The motor and the input winch connected to it were selected according to the required cable speed and tension at the actuation unit. The output force Fout at the rack relates to the torque at the input winch τin according to:
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where μ is the coefficient of friction in the Bowden cable,

σ is the bending angle of the Bowden cable,

rw,o is the radius of output winch, and

rw,i is the radius of input winch.

The required input torque τin depends on rw,i (Equation 2). It can be achieved with an arbitrary number of motor/winch combinations. However, rw,i must be large enough to meet the desired maximal output speed. We chose a rather small radius for the input winch (rw,i = 8 mm) to increase the force-to-velocity ratio of the transmission cable. Accordingly, a motor delivering a torque of at least 0.337 N m at a speed of up to 119 rpm should be chosen. DC motors are often recommended and the most used actuators for fully wearable cable-based RAS due to their quiet operation and lightweight yet powerful design (Popov et al., 2017). We selected a DC motor (DCX22S, Maxon Motor, Switzerland) combined with a planetary gear with a reduction ratio of 44:1 (GPX22; Maxon Motor) for its high power density and high efficiency (85.2% for the DC motor, 81% for the gear). A compact motor driver (ESCON Module 24/2; Maxon Motor) was chosen to control the motor current and torque according to a pulse width modulation (PWM) signal provided by a microcontroller (Arduino Yun Mini, Arduino, Italy).



2.3.3. Evaluation Methods and Outcome Measures

The proposed RAS was evaluated with respect to the specific design requirements for out-of-the-lab applications. First, maximum output force, efficiency, durability, and power density (i.e., power, mass, and volume) were determined quantitatively and optimized in bench tests (Figure 4). Further aspects such as ergonomic requirements (e.g., wearing comfort) were evaluated based on subjective feedback collected in user studies and qualitatively from observations.
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FIGURE 4. Test bench for RAS evaluation: A load cell, directly attached to the rack at the output of the proposed RAS, measured the output force and behavior. An Arduino Due microcontroller and laptop were used to provide the control signal to the actuation unit and record the load cell measurements. A stationary power supply powered the RAS. The test bench was adapted by interposing a tension spring between the load cell and the rack for the power characterization of the RAS, and connecting the hand exoskeleton instead of the load cell at the output for the durability evaluation.



2.3.3.1. Test bench evaluation

To investigate and optimize the output behavior of the proposed RAS in terms of maximum output force, efficiency, and durability, different reference profiles of the input current were applied as a control input to the motor drivers. We characterized the output behavior of the RAS to determine the control input that minimizes force peaks in the cables that would potentially decrease their durability. Standard input profiles (step, ramp, quadratic, and cubic parabolic) were evaluated. Additionally, a fifth-order polynomial minimum jerk function was investigated. The minimum jerk function represents the trajectory that natural human upper-limb movements tend to follow (Flash and Hogan, 1985), minimizing wear and tear on the human biomechanical system (Yazdani et al., 2012).

Time-dependent input profiles were applied over a rise time of 1 s, corresponding to a hand opening and closing frequency of 0.5 Hz. The motor current was increased step-wise until the maximum duty cycle was reached (motor currents of 0.39 to 1.46 A in steps of 0.12 A) or the cable tore. The output force at the rack of the RAS was measured using a load cell (Advanced Force Gauge 100 N; Mecmesin, UK). In the test bench (Figure 4), an Arduino Due microcontroller (Arduino, Italy) was used to provide the PWM signal to the motor controller and record the load cell measurement. A stationary power supply was used to power the RAS. The tests were conducted with both the steel and PE wires to identify the most favorable material pairing of cables and sheath. The optimal control input and cables regarding output behavior (i.e., achievable output force, least wear on the system in terms of force peaks) were retained for further evaluation.

The maximum output force, transmission efficiency, and the influence of the bending angle were investigated by measuring the output force using the force gauge for different input torques, as described above, and bending angles (0–180° in steps of 30°, at 270°, and 360°).

The output power P of the system was measured with a tension spring (k = 3.023 N mm−1; Durovis, Luxembourg), which connected the load cell to the rack at the output. The properties of the spring were chosen such that it emulated the mechanical properties of the hand exoskeleton. In this setup, the RAS was used to increase the tension on the spring from a force F1 to F2 > F1 by increasing the input current from 0.39 A to 1.1 A in an open-loop manner over a time span Δt:
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The mass and the volume of each part of the RAS, including the actuation unit, transmission system, and output, were measured. For an objective comparison to other systems, relative values were used for the power density, as recommended in Moreno et al. (2008). The power-to-mass ratio Pm and power-to-volume ratio Pv is thereby defined as:
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where m is the mass and V is the volume.

Finally, the durability of the RAS was evaluated by connecting the hand exoskeleton to the output and measuring the number of grasp cycles (one opening and closing) until component failure. The transmission cable was bent by an angle of 135° to mimic the application scenario. The bending radius was chosen arbitrarily (approximately 15 cm) since it has a negligible effect on the performance of the Bowden cables (Chen L. et al., 2014). The motor current was chosen based on the evaluation of the transmission efficiency so that the targeted 200 N output force was reached. Failure modes were recorded to identify the three components of the RAS that break the earliest, representing the components that require the most frequent maintenance and need to be optimized. Broken components from the first two failure modes were replaced before continuing the evaluation. The test was concluded after the failure of the third component.



2.3.3.2. User evaluation

To gather qualitative feedback on ergonomic aspects, the proposed RAS was applied in end-user tests with two SCI subjects and 11 children with hand sensorimotor impairment in an out-of-the-lab, clinical environment. The subjects used the hand exoskeleton actuated by the proposed RAS for at least 1 h while performing grasping tasks relevant for ADLs in task-oriented training or free testing (e.g., pouring and drinking water from a bottle). The subjects were asked to rate the wearing comfort of the entire hand exoskeleton system (i.e., RAS and hand exoskeleton) on a Likert scale from 1 (not comfortable at all) to 5 (very comfortable) and provide feedback in open, unstructured discussion. The experimental procedures were approved by the ethics committee of ETH Zurich (2018-N-90) and the ethics committee of the Canton of Zurich (KEK-2019-00409). All children and their legal guardians provided verbal consent to participate in the study: parents, adolescents aged 14 years and older, and the adult SCI subjects provided written informed consent.






3. RESULTS


3.1. Final Prototype of the RAS

The developed RAS is shown in Figure 5A. For the final version, the PE wires were selected as the transmission cable based on the test bench evaluation, as detailed in the following. The actuation unit consists of a DC motor combined with a planetary gear. The motor driver and microcontroller are placed on custom-made printed circuit boards (PCBs) carrying the power electronics. Flat grooved ball bearings (FL678ZZ; Misumi, Japan) and small-diameter grooved ball bearings (EZO 683; Sapporo Precision Inc., Japan) guide the custom-made input winch and output winch, respectively. At the output, the torque is transmitted to force from a pinion (10 Z M 0.5; Reely, Germany) to a 50 mm long rack (brass rack M 0.5; Reely, Germany) integrated into the hand exoskeleton (shown in detail in Supplementary Figure 3). The output can be attached to the hand exoskeleton through a clip-on mechanism (Figure 6). Thereby, donning/doffing and potentially required technical maintenance (e.g., replacement of broken cables) are facilitated since the RAS can be decoupled from the hand exoskeleton. The overall mass of the developed RAS is 259 g, with the actuation unit accounting for the most substantial proportion (211 g).
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FIGURE 5. Overview and use case of the developed cable-based RAS: (A) A DC motor actuates the pull–pull cable transmission system. At the output, rotational motion and torque are translated into linear motion and force via a rack-and-pinion mechanism. A microcontroller and motor controller, placed on custom-made printed circuit boards, control the motor current. (B) An SCI subject wears the hand exoskeleton actuated by the developed RAS to firmly grasp a broom. The fully wearable RAS integrated into the actuation module is mounted on the backrest of the wheelchair. The flexible transmission allows the user to move the arm freely.



[image: Figure 6]
FIGURE 6. Output of the RAS for the actuation of (A) the fingers and (B) the thumb: A clip-on mechanism, highlighted in dashed red circles, allows to attach and detach the output of the RAS from the hand exoskeleton.


A RAS based on the same components was built to actuate the thumb of the hand exoskeleton by adapting the output only and scaling the output winch and rack-and-pinion mechanism, highlighting the scalability of the approach. The actuation units and electronics were integrated into a textile-based soft, sleek, and lightweight casing to ensure high wearing comfort, referred to as the actuation module. The actuation module is fully wearable as a backpack or can be mounted on the backrest of a wheelchair (Figure 5B). The transmission sheaths were wrapped with waterproof, medical kinesiotape (Kineasy; AcuMax Med AG, Switzerland) to protect them against environmental influences. The total mass of the actuation module, including the entire RAS (actuation unit, transmission system, and output) for the fingers and the thumb as well as the casing, is 560 g. Batteries of different sizes and capacities can be connected via the power cable. For instance, a LiPo battery weighting 137 g was used in Bützer et al. (2020) to reach a battery runtime of 1,200 grasp cycles, covering approximately 2 h of use.



3.2. RAS Evaluation

The main results of the evaluation of the developed RAS are presented in Table 2 and compared to previous RAS for the application with the hand exoskeleton (Nycz et al., 2016; Hofmann et al., 2018). The maximum output force, power, transmission efficiency, durability, power-to-mass ratio, and power-to-volume ratio were improved by factors of 1.53, 2.36, 1.38, 5.71, 5.0, and 6.19 with respect to the RAS presented in Hofmann et al. (2018), respectively.


Table 2. Performance metrics of the proposed optimized RAS and previous versions.
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3.2.1. Control Input Trajectory and Transmission Cable

The steel and PE wires showed similar transmission behaviors for changing input trajectories. A step input resulted in the fastest rising and highest output forces of the input trajectories. However, the high force peaks led to cable breaks after a few repetitions before reaching the maximum motor current. The steel and PE wires sustained 3–4 and 6–8 repetitions of the step input, respectively. The output forces reached 209 N with peaks at 239 N, and 290 N with peaks at 320 N for the steel and PE wires, respectively. Among the time-dependent input trajectories, the minimum jerk input reached the highest force output of up to 229.8 ± 4.7 N compared to 217.3 ± 0.4, 214.0 ± 2.2, and 211.7 ± 1.2 N for the cubic, quadratic, and linear input, respectively, for the PE wires. All input trajectories led to an initial force peak. From Figure 7A, it can be observed that the output force dropped for the linear, quadratic, and cubic input after the initial peak before rising again. The steady-state was reached the fastest (after approximately 1.8 s) after input onset for the minimum jerk input without rising output force after the initial peak. However, the minimum jerk input did not result in a minimal jerk output trajectory. A similar behavior was observed for the steel cables but at slightly lower maximum force levels (Figure 7B). The output force reached 223 ± 5.2 N, 212.0 ± 1.2, 217.0 ± 1.7, and 204.1 ± 0.8 N for the minimum jerk, cubic, quadratic, and linear input, respectively. A comparison of the applied input current trajectories against the resulting output force profile is presented in the Supplementary Material for the PE wires (Supplementary Figure 1) and the steel wires (Supplementary Figure 2). Based on these results, the PE wires and a minimum jerk input were chosen for further evaluation.


[image: Figure 7]
FIGURE 7. Comparison of the output force profiles for different control inputs using (A) polyethylene (PE) wires and (B) steel wires for transmission: The output profiles are aligned with respect to the starting time of the input trajectory (vertical gray line). The final current for all input trajectories was 1.46 A. All input trajectories lead to an initial force peak, which was higher for the PE wires. The output force drops for the linear, quadratic, and cubic input after the initial peak before rising again. The steady-state is reached the fastest for the minimum jerk input without rising output force after the initial peak. For all control inputs, the final force level was lower for the steel wires compared to the PE wires. The output force for a step input on the steel wires is not shown as the wire tore at lower motor currents than 1.46 A.




3.2.2. Maximum Output Force, Power, and Transmission Efficiency

The maximum output force of the RAS decreased with increasing bending angle and decreasing motor current (Figure 8). Figure 9 shows the transmission efficiency at the evaluated bending angles and the capstan equation
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fitted to the dataset. In the unbent condition, a maximum output force of 229.8 ± 4.7 N at a transmission efficiency of 97 % was reached for a maximum motor current of 1.46 A. The maximum output force and efficiency decreased to 207.3 ± 5.2 N and 87 % for a bending angle of 180° and to 173.6 ± 4.3 N and 71% for a bending angle of 360°, respectively. Factoring in the efficiency of the DC motor and gear, the overall efficiency of the RAS was 67 and 60 % for the unbent and 180° bent condition, respectively. In the typical operating range of 90–180° in the application with a hand exoskeleton, the required output force of 200 N was reached for motor currents above 1.22 A. For motor currents higher than 1.22 A, the output force did not increase substantially. The maximum output power of the RAS was 2.6 W, resulting in a overall power-to-mass ratio of 10.0 W kg−1 and a power-to-volume ratio of 9.9 kW m−3.


[image: Figure 8]
FIGURE 8. Output force for different bending angles and motor currents: The achievable output force decreases with increasing bending angle and decreasing motor current, corresponding to the applied motor torque at the input.



[image: Figure 9]
FIGURE 9. Force transmission efficiency as a function of the cable bending angle: The efficiency decreases exponentially with increasing bending angle according to the capstan equation (Equation 2). In the application scenario with a hand exoskeleton cable bending angles between 90 and 180° can be expected.




3.2.3. Durability Evaluation

The RAS achieved a durability of over 20,000 grasp cycles before the first failure occurred. A PE wire was the first component to break close to the output winch after 21,991 grasp cycles. The wires were replaced before continuing the test. The couplers fixing the Bowden sheath loosened as the second failure mode, causing the sheath to be pulled into the actuation unit after 20,749 additional grasp cycles (component durability of 42,740 grasp cycles). The couplers and the transmission cables were replaced to avoid interruption of the evaluation before the failure of the next weakest component. Finally, the rack-and-pinion mechanism at the output broke after 12,546 further grasp cycles resulting in component-specific durability of approximately 55,000 grasp cycles. A summary of failure modes and component-specific durabilities is shown in Table 3.


Table 3. Summary of the durability evaluation to identify the three weakest components of the RAS.
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3.2.4. User Experience

The RAS as part of the hand exoskeleton system was perceived comfortable to wear, indicated by a mean rating of 4.0 ± 0.8 out of 5 on the Likert scale. Furthermore, it was observable that the cable-based transmission did not hinder the arm motion of the users. Most of the subjects mentioned in the open discussion that the entire hand exoskeleton, including the RAS, is non-obstructive and lightweight. One child (7 years old, muscular disease) mentioned the actuation module carried as a backpack becoming heavy toward the end of a 1-h therapy session with the hand exoskeleton. The RAS endured all user tests (approximately 10 h of use) without failure, and no adverse advents occurred in the user tests.





4. DISCUSSION

In this paper, we presented the selection and optimization of a RAS for a fully wearable assistive device moving toward out-of-the-lab applications, such as clinical evaluation or longitudinal testing in user's homes, thereby aiming to overcome limitations of typical temporally short testing sessions of research prototypes performed in lab settings. We provided a literature review on RAS for wearable assistive devices and evaluated these in light of key requirements for out-of-the-lab applications, including durability, efficiency, ergonomics, and low maintenance to support the selection of a fully wearable RAS. Following this, an optimized fully wearable RAS for out-of-the-lab applications of an assistive hand exoskeleton was developed and evaluated. We identified cable-based transmission as the most suitable approach for the specific design case. The final RAS consists of pull–pull cable transmissions via PE wires in flat-band steel sheaths that transmit the power provided by a DC motor to a rack-and-pinion mechanism at the output.

The developed RAS features high durability of > 20,000 cycles before the first failure occurs, which allowed its application without technical issues for several hours in user studies in out-of-the-lab scenarios. While many research projects target the translation to out-of-the-lab applications (e.g., home use), the durability of RAS is rarely evaluated, allowing limited insight into applicability and usability of developed wearable assistive devices (Jeong et al., 2020). Often, durability is only reported for specific components, e.g., a battery runtime of 3.8 h powering a soft robotic glove in Polygerinos et al. (2015), or 5,000 cycles for fluidic fabric muscle sheets intended to be integrated as an output in wearable soft robotics in Zhu et al. (2020). The achieved durability for the presented entire RAS of > 20,000 cycles represents a benchmark for future durability evaluation of RAS for wearable assistive devices.

Despite the improved performance compared to previous versions, the durability of the presented RAS still needs to be further validated in daily, out-of-the-lab applications of the hand exoskeleton. In Bullock et al. (2013), it was shown that during intensive bimanual work (e.g., housekeeping), up to 600–700 grasps are performed per hour. In daily tasks performed by a person with sensorimotor impairment, the number of grasps per hour can be assumed to be much lower. Participants of the end-user tests mentioned that they would like to use the hand exoskeleton not throughout the whole day but in specific daily tasks that they cannot master without assistance (e.g., require additional grasp force). In first tests with a pediatric version of the hand exoskeleton, we recorded approximately 100 grasps per hour of therapy, including donning and doffing time. Accordingly, users of the hand exoskeleton can be expected to perform around 100–150 grasps per hour. Usage time of 7 h/day would result in approximately 1,000 grasps per day. Considering the determined durability of the RAS of slightly above 20,000 grasp cycles, around 20 days of use could be achieved until a technical failure of the RAS occurs. Optimally, the operation of the hand exoskeleton system should be guaranteed over several months or even years.

The presented RAS reached a transmission efficiency of above 86 % in the intended application scenario with cable bending angles ranging from 90 to 180° and, therefore, outperforms cable-based transmissions presented in the literature where efficiency was reported. Chen D. et al. (2014) and Jeong and Cho (2015) achieved 67 and 76 % transmission efficiency at 180° cable bending, respectively, resulting in the need for friction feed-forward control in their application scenario. Schmidt et al. (2017) presented a higher efficiency of 86 % for their tendon actuator, although not reporting the influence of the bending angle. The presented RAS reaches a transmission efficiency comparable to hydraulic transmissions with cylinders at the output, which are generally expected to be higher than in cable-based systems (Smit et al., 2014a) (e.g., 80 % for electro-hydraulic transmission in Bechet and Ohnishi, 2014). However, the proposed cable-based RAS does not suffer from ergonomic and maintenance-related issues present in hydraulic transmissions due to, e.g., small leakage, noise emission, or more complex control. Furthermore, the modularity and separability of the proposed cable-based RAS from the hand exoskeleton would allow for facilitated maintenance compared to previously presented pneumatic or hydraulic wearable assistive devices.

The high transmission efficiency for the presented RAS results from an in-depth optimization of components (e.g., material pairing) and design parameters (control input trajectories). The selected PE wires' diameter accurately matches the steel sheath size restricting the radial play of the cables or potential buckling. Accordingly, cables with a tighter fit in sheaths might be a beneficial choice for transmission efficiency. A minimum jerk trajectory was determined to increase the force throughput, reduce force peaks in the transmission, and potentially increase efficiency and durability of cable-based RAS. Minimizing jerk, the second time derivative of velocity, might reduce velocity-dependent friction phenomena (e.g., viscous friction). However, stiction remains an issue for smoothly rising input functions compared to fast-rising inputs (e.g., a step function) due to its nonlinear properties, leading to delays observable in the rising output force in Figure 7. Additionally, smooth trajectories are essential for safe human–robot interaction (Amirabdollahian et al., 2002). Because of the transmission properties, the output behavior of the presented RAS does not follow a minimum jerk trajectory. The transfer behavior to hand exoskeleton motion should be further analyzed to investigate whether a minimum jerk trajectory at the output results in a more comfortable motion for users than the current output trajectory. However, we speculate that a well-controlled output trajectory is less critical for the actuation of soft, compliant wearable assistive devices such as the hand exoskeleton selected as the design case.

Despite the high transmission efficiency, the overall efficiency of the proposed RAS, including the actuation unit, is not higher than 60 %. A main limiting factor of the overall efficiency is the need for a gear to meet the typically high torques at low speeds in wearable assistive devices. Choosing a more appropriate actuator and gear mechanism could help reduce the power consumption of the RAS.

In terms of ergonomics, the proposed RAS was investigated in end-user tests after integrating the actuation unit in a wearable and portable module. The users perceived the entire hand exoskeleton system, including the RAS, as very lightweight and soft, not resulting in further impediment of their upper-limb range of motion. The overall actuation system is water- and dustproof, sleek, and fulfills the mass requirement of below 1.25 kg to be carried by 6-year-old children with sensorimotors impairment. No adverse events or failures of the RAS occurred during user tests emphasizing safe usage in out-of-the-lab applications. Further, the adaptation of the output of the RAS for thumb actuation of the hand exoskeleton highlights the scalability of the proposed system, paving the way for its use for similar applications in wearable assistive robotics.

The presented RAS allowed significantly higher maximum output force (230 N, increased by factor 1.53) and power-to-mass ratio (10.0 W kg−1, increased by factor 4.0) as well as more compact actuators and energy sources (overall power-to-volume ratio of 9.9 kW m−3, increased by a factor of 6.19) compared to the RAS previously developed for the hand exoskeleton (Hofmann et al., 2018). The optimized RAS meets the strict requirements for the application with a hand exoskeleton in terms of output force, stroke, and actuation frequency. High power density is a key property for building compact and lightweight RAS but is rarely reported in the literature. Often, output forces and actuator mass are reported while information on output power, volume, and overall mass of the RAS is missing, complicating performance comparison between different approaches and systems. Asbeck et al. (2015) reported output forces of 200 N at a power draw of 59.2 W. For the presented actuator mass of 8.1 kg, a power-to-mass ratio of 7.3 W kg−1 could be calculated, however, not taking into account power losses in the actuation, transmission, and potential additional electronics. Schmidt et al. (2017) achieved maximum output forces of 435 N and maximum cable speeds of 0.71 m s−1 (cable travel of 200 mm traversed in 280 ms) at an actuator mass of 1.07 kg. Output power and relative power ratios are not reported. In contrast to the application with a hand exoskeleton, the RAS presented in Asbeck et al. (2015) and Schmidt et al. (2017) are intended for lower-limb exosuits, further complicating a direct comparison due to different design requirements for the use cases. Comparing the power density of these mechanical systems to a human muscle (50 W kg−1 or higher, Hunter and Lafontaine, 1992), it becomes apparent that there is still a long way to go to meet the performance of the human motor system.

The literature review of existing RAS identified that only a small proportion (31 %) of the reviewed RAS can be considered fully wearable and portable, although targeting applications in fully wearable robotics. In comparison, Chu and Patterson (2018) identified 20 out of the 44 soft robotic devices (45 %) reviewed in their study to be portable. However, no distinction between RAS principles was reported, and portability, as interpreted by Chu and Patterson (2018), does not necessarily mean full wearability, which is a crucial design criterion for out-of-the-lab applications of assistive devices. Compared to other reviews on actuation and transmission systems for wearable assistive devices (Bos et al., 2016; Manna and Dubey, 2018), we additionally investigated and rated ergonomic and maintenance-related aspects of available RAS, thereby possibly providing guidelines supporting other researchers in selecting the most suitable RAS not only for out-of-the-lab applications of wearable assistive devices. Nevertheless, the results of the presented review and evaluation need to be interpreted with caution since the literature research was not conducted systematically, and relevant concepts and guidelines might have been missed. Furthermore, despite our efforts to make the rating process of the different RAS principles as transparent and objective as possible, we acknowledge that this step remains a subjective analysis. In addition, specific advantages and disadvantages of each RAS principle may need to be reconsidered when targeting other applications than fully wearable assistive devices. However, most research developments and industry products rely on cable-based transmissions, suggesting that this is a viable approach for wearable robotics.

Although advances in the development of RAS in terms of durability, ergonomics, and efficiency were achieved in this work, further improvement is required for long-term use in out-of-the-lab applications. To enhance the RAS, the trade-off between flexibility and diameter of the sheaths and cables could be revisited, including the evaluation of additional material pairings. In addition to the limitations of the RAS, the durability evaluation unraveled the next weakest links after the transmission cables in the interconnected chain, which were the Bowden sheath couplers and the rack-and-pinion mechanism at the output that broke after approximately 43,000 and 55,000 cycles, respectively. However, the replacement of broken components during the evaluation process might have led to a bias toward higher rates of failure as wear was carried over the test's restarts. The durability of the broken components should be investigated in more detail. Further research and intensive, longitudinal testing with end-users is required to evaluate functionality and usability of the presented RAS for wearable assistive devices in out-of-the-lab applications, e.g., regarding ergonomics in ADLs or maintenance. In this work, user feedback was collected in a rather unstructured way, mainly from open discussions and focused on the overall system. Collecting feedback from additional end-users and in a more systematic way, e.g., using standardized questionnaires, would allow to draw further conclusions for future development and compare to other researchers' results in the field of wearable assistive robotics.

Overall, by optimizing and evaluating a RAS regarding requirements for out-of-the-lab applications such as durability and ergonomics, we took an essential step toward supporting the transfer of wearable assistive research prototypes from the lab to real-world use.



DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by Ethics committee of ETH Zurich (2018-N-90) Ethics committee of the Canton of Zurich (KEK-2019-00409). Written informed consent to participate in this study was provided by the participants' legal guardian/next of kin. Written informed consent was obtained from the individual(s) for the publication of any potentially identifiable images or data included in this article.



AUTHOR CONTRIBUTIONS

JD, UH, and TB performed the literature review and the development of the presented remote actuation system. JD performed the test-bench evaluation. All authors revised the article and approved the final version of the manuscript.



FUNDING

This work was supported by the Gemeinnützige Stiftung ACCENTUS, the Swiss National Science Foundation through the National Centre of Competence in Research on Robotics, the ETH Zurich Foundation in collaboration with Hocoma AG, and a private foundation.



ACKNOWLEDGMENTS

The authors would like to thank Dominik Frey for his support in the evaluation process, and Jessica Gantenbein and Jan T. Meyer for their valuable inputs during the preparation of the manuscript.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/frobt.2020.596185/full#supplementary-material



REFERENCES

 Ada, D. L., O'Dwyer, N., Ada, D. L., O'Dwyer, N., and O'Neill, E. (2006). Relation between spasticity, weakness and contracture of the elbow flexors and upper limb activity after stroke: an observational study. Disabil. Rehabil. 28, 891–897. doi: 10.1080/09638280500535165

 Agarwal, G., Robertson, M. A., Sonar, H. A., and Paik, J. (2017). Design and computational modeling of a modular, compliant robotic assembly for human lumbar unit and spinal cord assistance. Sci. Rep. 7:14391. doi: 10.1038/s41598-017-14220-3

 Agarwal, P., Fox, J., Yun, Y., O'Malley, M. K., and Deshpande, A. D. (2015). An index finger exoskeleton with series elastic actuation for rehabilitation: design, control and performance characterization. Int. J. Rob. Res. 34, 1747–1772. doi: 10.1177/0278364915598388

 Amirabdollahian, F., Loureiro, R., and Harwin, W. (2002). “Minimum jerk trajectory control for rehabilitation and haptic applications,” in International Conference on Robotics and Automation, Vol. 4 (Washington, DC), 3380–3385. doi: 10.1109/ROBOT.2002.1014233

 Asbeck, A. T., De Rossi, S. M. M., Holt, K. G., and Walsh, C. J. (2015). A biologically inspired soft exosuit for walking assistance. Int. J. Rob. Res. 34, 744–762. doi: 10.1177/0278364914562476

 Bae, J.-H., and Moon, I. (2012). “Design and control of an exoskeleton device for active wrist rehabilitation,” in International Conference on Control, Automation and Systems (JeJu Island), 1577–1580.

 Balasubramanian, S., Wei, H. R., Perez, M., Shepard, B., Koeneman, E., Koeneman, J., et al. (2008). “Rupert: an exoskeleton robot for assisting rehabilitation of arm functions,” in Virtual Rehabilitation (Vancouver, BC), 163–167. doi: 10.1109/ICVR.2008.4625154

 Bartenbach, V., Schmidt, K., Naef, M., Wyss, D., and Riener, R. (2015). “Concept of a soft exosuit for the support of leg function in rehabilitation,” in IEEE International Conference on Rehabilation and Robotics (Singapore), 125–130. doi: 10.1109/ICORR.2015.7281187

 Bechet, F., and Ohnishi, K. (2014). “Electro-hydraulic force transmission for rehabilitation exoskeleton robot,” in International Workshop on Advanced Motion Control, Vol. 13 (Yokohoma), 260–265. doi: 10.1109/AMC.2014.6823292

 Beyl, P., Damme, M. V., Ham, R. V., Versluys, R., Vanderborght, B., and Lefeber, D. (2008). “An exoskeleton for gait rehabilitation: prototype design and control principle,” in IEEE International Conference on Robotics and Automation (Pasadena, USA), 19–23. doi: 10.1109/ROBOT.2008.4543506

 Biddiss, E., Beaton, D., and Chau, T. (2007). Consumer design priorities for upper limb prosthetics. Disabil. Rehabil. Assist. Technol. 2, 346–357. doi: 10.1080/17483100701714733

 Blumenschein, L. H., McDonald, C. G., and O'Malley, M. K. (2017). “A cable-based series elastic actuator with conduit sensor for wearable exoskeletons,” in IEEE International Conference on Robotics and Automation (Marina Bay Sands), 6687–6693. doi: 10.1109/ICRA.2017.7989790

 Bos, R., Haarman, C., Stortelder, T., Nizamis, K., Herder, J., Stienen, A., et al. (2016). A structured overview of trends and technologies used in dynamic hand orthoses. J. NeuroEng. Rehabil. 13, 1–25. doi: 10.1186/s12984-016-0168-z

 Bos, R. A., Nizamis, K., Koopman, B. F. J. M., Herder, J. L., Sartori, M., and Plettenburg, D. H. (2020). A case study with symbihand: an SEMG-controlled electrohydraulic hand orthosis for individuals with duchenne muscular dystrophy. IEEE Trans. Neural Syst. Rehabil. Eng. 28, 258–266. doi: 10.1109/TNSRE.2019.2952470

 Boser, Q. A., Dawson, M. R., Schofield, J. S., Dziwenko, G., and Hebert, J. S. (2018). Defining the design requirements for an assistive powered hand exoskeleton. bioRxiv [Preprint]. doi: 10.1101/492124

 Bullock, I. M., Zheng, J. Z., Rosa, S. D. L., Guertler, C., and Dollar, A. M. (2013). Grasp frequency and usage in daily household and machine shop tasks. IEEE Trans. Hapt. 6, 296–308. doi: 10.1109/TOH.2013.6

 Burns, M. K., Pei, D., and Vinjamuri, R. (2019). Myoelectric control of a soft hand exoskeleton using kinematic synergies. IEEE Trans. Biomed. Circuits Syst. 13, 1351–1361. doi: 10.1109/TBCAS.2019.2950145

 Butler, E. E., Ladd, A. L., LaMont, L. E., and Rose, J. (2010). Temporal-spatial parameters of the upper limb during a reach and grasp cycle for children. Gait Posture 32, 301–306. doi: 10.1016/j.gaitpost.2010.05.013

 Bützer, T., Dittli, J., Lieber, J., van Hedel, H. J. A., Meyer-Heim, A., Lambercy, O., et al. (2019). “PEXO - a pediatric whole hand exoskeleton for grasping assistance in task-oriented training,” in 2019 IEEE 16th International Conference on Rehabilitation Robotics (ICORR) (Toronto, ON), 108–114. doi: 10.1109/ICORR.2019.8779489

 Bützer, T., Lambercy, O., Arata, J., and Gassert, R. (2020). Fully wearable actuated soft exoskeleton for grasping assistance in everyday activities. Soft Robot. doi: 10.1089/soro.2019.0135. [Epub ahead of print].

 Cappello, L., Binh, D. K., Yen, S. C., and Masia, L. (2016). “Design and preliminary characterization of a soft wearable exoskeleton for upper limb,” in Proceedings of the IEEE RAS and EMBS International Conference on Biomedical Robotics and Biomechatronics (Singapore), 623–630. doi: 10.1109/BIOROB.2016.7523695

 Cappello, L., Meyer, J., Galloway, K., Peisner, J., Granberry, R., Wagner, D., et al. (2018). Assisting hand function after spinal cord injury with a fabric-based soft robotic glove. J. NeuroEng. Rehabil. 15:59. doi: 10.1186/s12984-018-0391-x

 Cempini, M., Cortese, M., and Vitiello, N. (2015). A powered finger-thumb wearable hand exoskeleton with self-aligning joint axes. IEEE/ASME Trans. Mechatron. 20, 705–716. doi: 10.1109/TMECH.2014.2315528

 Chae, J., Yang, G., Park, B. K., and Labatia, I. (2002). Muscle weakness and cocontraction in upper limb hemiparesis: relationship to motor impairment and physical disability. Neurorehabil. Neural Repair 16, 241–248. doi: 10.1177/154596830201600303

 Chen, C., Wu, X., Liu, D. X., Feng, W., and Wang, C. (2017). Design and voluntary motion intention estimation of a novel wearable full-body flexible exoskeleton robot. Mob. Inf. Syst. 2017:8682168. doi: 10.1155/2017/8682168

 Chen, D., Yun, Y., and Deshpande, A. D. (2014). “Experimental characterization of bowden cable friction,” in IEEE Int. Conf. on Robotics and Automation (Hong Kong), 5927–5933. doi: 10.1109/ICRA.2014.6907732

 Chen, L., Wang, X., and Xu, W. L. (2014). Inverse transmission model and compensation control of a single-tendon-sheath actuator. IEEE Trans. Ind. Electron. 61, 1424–1433. doi: 10.1109/TIE.2013.2258300

 Chen, Y., Tan, X., Yan, D., Zhang, Z., and Gong, Y. (2020). A composite fabric-based soft rehabilitation glove with soft joint for dementia in Parkinson's disease. IEEE J. Transl. Eng. Health Med. 8, 1–10. doi: 10.1109/JTEHM.2020.2981926

 Chiaradia, D., Xiloyannis, M., Solazzi, M., Masia, L., and Frisoli, A. (2019). “Comparison of a soft exosuit and a rigid exoskeleton in an assistive task,” in Wearable Robotics: Challenges and Trends, eds M. C. Carrozza, S. Micera, and J. L. Pons (Cham: Springer International Publishing), 415–419. doi: 10.1007/978-3-030-01887-0_80

 Chiri, A., Giovacchini, F., Vitiello, N., Cattin, E., Roccella, S., Vecchi, F., et al. (2009). “HANDEXOS: towards an exoskeleton device for the rehabilitation of the hand,” in IEEE/RSJ International Conference on Intelligent Robots and Systems (St. Louis, MI: IEEE/RSJ), 1106–1111. doi: 10.1109/IROS.2009.5354376

 Choi, B., Lee, Y., Kim, J., Lee, M., Lee, J., Roh, S. G., et al. (2016). “A self-aligning knee joint for walking assistance devices,” in International Conference IEEE Engineering in Medicine and Biology Society (Orlando, FL), 2222–2227. doi: 10.1109/EMBC.2016.7591171

 Choi, H., Kang, B. B., Jung, B., and Cho, K. (2019). Exo-wrist: a soft tendon-driven wrist-wearable robot with active anchor for dart-throwing motion in hemiplegic patients. IEEE Robot. Autom. Lett. 4, 4499–4506. doi: 10.1109/LRA.2019.2931607

 Chu, C.-Y., and Patterson, R. (2018). Soft robotic devices for hand rehabilitation and assistance: a narrative review. J. NeuroEng. Rehabil. 15:9. doi: 10.1186/s12984-018-0350-6

 Costa, N., and Caldwell, D. G. (2006). “Control of a biomimetic “soft-actuated” 10DoF lower body exoskeleton,” in IEEE/RAS-EMBS International Conference on Biomedical Robotics and Biomechatronics, Vol. 1 (Pisa), 495–501. doi: 10.1109/BIOROB.2006.1639137

 Desmurget, M., Prablanc, C., Rossetti, Y., Arzi, M., Paulignan, Y., Urquizar, C., et al. (1995). Postural and synergic control for three-dimensional movements of reaching and grasping. J. Neurophysiol. 74, 905–910. PMID: 7472395. doi: 10.1152/jn.1995.74.2.905

 Dinh, B. K., Cappello, L., Xiloyannis, M., and Masia, L. (2016). “Position control using adaptive backlash compensation for bowden cable transmission in soft wearable exoskeleton,” in IEEE/RSJ International Conference on Intelligent Robots and Systems (Daejeon: IEEE), 5670–5676. doi: 10.1109/IROS.2016.7759834

 Dwivedi, A., Gerez, L., Hasan, W., Yang, C., and Liarokapis, M. (2019). A soft exoglove equipped with a wearable muscle-machine interface based on forcemyography and electromyography. IEEE Robot. Autom. Lett. 4, 3240–3246. doi: 10.1109/LRA.2019.2925302

 Flash, T., and Hogan, N. (1985). The coordination of arm movements: an experimentally confirmed mathematical model. J. Neurosci. 5, 1688–1703. doi: 10.1523/JNEUROSCI.05-07-01688.1985

 Ge, L., Chen, F., Wang, D., Zhang, Y., Han, D., and Wang, T. (2020). Design, modeling, and evaluation of fabric-based pneumatic actuators for soft wearable assistive gloves. Soft Robot. 7, 583–596. doi: 10.1089/soro.2019.0105

 Gerez, L., Dwivedi, A., and Liarokapis, M. (2020). “A hybrid, soft exoskeleton glove equipped with a telescopic extra thumb and abduction capabilities,” in 2020 IEEE International Conference on Robotics and Automation (ICRA) (Paris). doi: 10.1109/ICRA40945.2020.9197473

 Gordon, K. E., Sawicki, G. S., and Ferris, D. P. (2006). Mechanical performance of artificial pneumatic muscles to power an ankle-foot orthosis. J. Biomech. 39, 1832–1841. doi: 10.1016/j.jbiomech.2005.05.018

 Grosu, S., De Rijcke, L., Grosu, V., Geeroms, J., Vanderborght, B., Lefeber, D., et al. (2019). Driving robotic exoskeletons using cable-based transmissions: a qualitative analysis and overview. Appl. Mech. Rev. 70:060801. doi: 10.1115/1.4042399

 Grosu, S., Rodriguez-Guerrero, C., Grosu, V., Vanderborght, B., and Lefeber, D. (2018). Evaluation and analysis of push-pull cable actuation system used for powered orthoses. Front. Robot. AI 5:105. doi: 10.3389/frobt.2018.00105

 Haghshenas-Jaryani, M., Carrigan, W., Nothnagle, C., and Wijesundara, M. B. J. (2016). “Sensorized soft robotic glove for continuous passive motion therapy,” in IEEE/RAS-EMBS Int. Conf. on Biomedical Robotics and Biomechatronics (Singapore), 815–820. doi: 10.1109/BIOROB.2016.7523728

 Haufe, F. L., Kober, A. M., Schmidt, K., Sancho-Puchades, A., Duarte, J. E., Wolf, P., et al. (2019). “User-driven walking assistance: first experimental results using the myosuit,” in 2019 IEEE 16th International Conference on Rehabilitation Robotics (ICORR) (Toronto, ON), 944–949. doi: 10.1109/ICORR.2019.8779375

 He, J., Koeneman, E. J., Schultz, R. S., Huang, H., Wanberg, J., Herring, D. E., et al. (2005). “Design of a robotic upper extremity repetitive therapy device,” in IEEE Int. Conf. Rehabil. Robot., Vol. 9 (Chicago, IL), 95–98. doi: 10.1109/ICORR.2005.1501060

 Heo, P., Kim, S. J., and Kim, J. (2013). “Powered finger exoskeleton having partially open fingerpad for flexion force assistance,” in IEEE/ASME Int. Conf. on Advanced Intelligent Mechatronics: Mechatronics for Human Wellbeing, Vol. 2 (Novotel - Wollongong), 182–187.

 Hofmann, U. A. T., Bützer, T., Lambercy, O., and Gassert, R. (2018). Design and evaluation of a bowden-cable-based remote actuation system for wearable robotics. IEEE Robot. Autom. Lett. 3, 2101–2108. doi: 10.1109/LRA.2018.2809625

 Hong, T. H., Park, S., Park, J., Paik, N., and Park, Y. (2020). “Design of pneumatic origami muscle actuators (pomas) for a soft robotic hand orthosis for grasping assistance,” in 2020 3rd IEEE International Conference on Soft Robotics (RoboSoft) (New Haven, CT), 627–632. doi: 10.1109/RoboSoft48309.2020.9116046

 Hong, Y., Li, J.-X., and Fong, D. T.-P. (2008). Effect of prolonged walking with backpack loads on trunk muscle activity and fatigue in children. J. Electromyogr. Kinesiol. 18, 990–996. doi: 10.1016/j.jelekin.2007.06.013

 Huang, C.-E., and Chen, J.-S. (2013). On the implementation and control of a pneumatic power active lower-limb orthosis. Mechatronics 23, 505–517. doi: 10.1016/j.mechatronics.2013.04.005

 Hunter, I. W., and Lafontaine, S. (1992). “A comparison of muscle with artificial actuators,” in Technical Digest IEEE Solid-State Sensor and Actuator Workshop (Hilton Head Island, SC), 178–185. doi: 10.1109/SOLSEN.1992.228297

 Hurst, T., and Aw, K. (2011). A low cost and portable single finger assistive device using air muscles. Int. J. Biomechatron. Biomed. Robot. 1, 149–159. doi: 10.1504/IJBBR.2011.040033

 In, H., Kang, B. B., Sin, M., and Cho, K.-J. (2015). Exo-glove - a wearable robot for the hand with a soft tendon routing system. IEEE Robot. Autom. Mag. 22, 97–105. doi: 10.1109/MRA.2014.2362863

 Ino, S., Sato, M., Hosono, M., and Izumi, T. (2009). Development of a soft metal hydride actuator using a laminate bellows for rehabilitation systems. Sens. Actuat. B, 136, 86–91. doi: 10.1016/j.snb.2008.10.054

 Jeong, U., and Cho, K. (2015). “Feedforward friction compensation of Bowden-cable transmission via loop routing,” in 2015 IEEE/RSJ International Conference on Intelligent Robots and Systems (IROS) (Hamburg), 5948–5953. doi: 10.1109/IROS.2015.7354223

 Jeong, U., and Cho, K.-J. (2017). “A feasibility study on tension control of Bowden-cable based on a dual-wire scheme,” in IEEE International Conference on Robotics and Automation (Singapore: IEEE), 3690–3695. doi: 10.1109/ICRA.2017.7989424

 Jeong, U., and Cho, K.-J. (2020). Control of a Bowden-cable actuation system with embedded boasensor for soft wearable robots. IEEE Trans. Indus. Electron. 67, 7669–7680. doi: 10.1109/TIE.2019.2945212

 Jeong, U., Kim, K., Kim, S.-H., Choi, H., Youn, B., and Cho, K.-J. (2020). Reliability analysis of a tendon-driven actuation for soft robots. Int. J. Robot. Res. 027836492090715. doi: 10.1177/0278364920907151. [Epub ahead of print].

 Jia-Fan, Z., Can-Jun, Y., Ying, C., Yu, Z., and Yi-Ming, D. (2008). Modeling and control of a curved pneumatic muscle actuator for wearable elbow exoskeleton. Mechatronics 18, 448–457. doi: 10.1016/j.mechatronics.2008.02.006

 Jiang, Y., Chen, D., Liu, P., Jiao, X., Ping, Z., Xu, Z., et al. (2018). “Fishbone-inspired soft robotic glove for hand rehabilitation with multi-degrees-of-freedom,” in 2018 IEEE International Conference on Soft Robotics (RoboSoft) (Livorno), 394–399. doi: 10.1109/ROBOSOFT.2018.8404951

 Kalantari, O., and Ghaffari, A. S. (2016). Prototype construction of the wearable soft orthotic exoskeleton for upper limb rehabilitation of post-stroke patients. J. Life Sci. Technol. 4, 66–69. doi: 10.18178/jolst.4.2.66-69

 Kaminaga, H., Amari, T., Niwa, Y., and Nakamura, Y. (2010). “Development of knee power assist using backdrivable electro-hydrostatic actuator,” in IEEE/RSJ International Conference on Intelligent Robots and Systems (Taipei), 5517–5524. doi: 10.1109/IROS.2010.5650671

 Kang, B., Choi, H., Lee, H., and Cho, K.-J. (2018). Exo-glove poly ii: a polymer-based soft wearable robot for the hand with a tendon-driven actuation system. Soft Robot. 6, 214–227. doi: 10.1089/soro.2018.0006

 Kargov, A., Werner, T., Pylatiuk, C., and Schulz, S. (2008). Development of a miniaturised hydraulic actuation system for artificial hands. Sens. Actuators A 141, 548–557. doi: 10.1016/j.sna.2007.10.025

 Kim, D. H., and Park, H. (2018). “Cable actuated dexterous (cadex) glove for effective rehabilitation of the hand for patients with neurological diseases,” in 2018 IEEE/RSJ International Conference on Intelligent Robots and Systems (IROS) (Madrid), 2305–2310. doi: 10.1109/IROS.2018.8594336

 Kong, K., Bae, J., and Tomizuka, M. (2009). Control of rotary series elastic actuator for ideal force-mode actuation in human-robot interaction applications. IEEE/AMSE Trans. Mech. 14, 105–118. doi: 10.1109/TMECH.2008.2004561

 Krick, J., Murphy-Miller, P., Zeger, S., and Weight, E. (1996). Pattern of growth in children with cerebral palsy. J. Am. Dietet. Assoc. 96, 680–685. doi: 10.1016/S0002-8223(96)00188-5

 Lee, Y.-K. (2014). “Design of exoskeleton robotic hand/arm system for upper limbs rehabilitation considering mobility and portability,” in International Conference on Ubiquitous Robots and Ambient Intelligence, Vol. 11 (Kuala Lumpur), 540–544. doi: 10.1109/URAI.2014.7057385

 Lemerle, S., Nozaki, T., and Ohnishi, K. (2018). Design and evaluation of a remote actuated finger exoskeleton using motion-copying system for tendon rehabilitation. IEEE Trans. Indus. Informatics 14, 5167–5177. doi: 10.1109/TII.2018.2796859

 Letier, P., Schiele, A., Avraam, M., Horodinca, M., and Preumont, A. (2006). “Bowden cable actuator for torque-feedback in haptic applications,” in Proc. Eurohaptics 2006 (Paris).

 Lucas, L., DiCicco, M., and Matsuoka, Y. (2004). An EMG-controlled hand exoskeleton for natural pinching. J. Robot. Mechatron. 16, 482–488. doi: 10.20965/jrm.2004.p0482

 Luo, X., Wang, J., Dooner, M., and Clarke, J. (2015). Overview of current development in electrical energy storage technologies and the application potential in power system operation. Appl. Energy 137, 511–536. doi: 10.1016/j.apenergy.2014.09.081

 Manna, S. K., and Dubey, V. N. (2018). Comparative study of actuation systems for portable upper limb exoskeletons. Med. Eng. Phys. 60, 1–13. doi: 10.1016/j.medengphy.2018.07.017

 Marconi, D., Baldoni, A., McKinney, Z., Cempini, M., Crea, S., and Vitiello, N. (2019). A novel hand exoskeleton with series elastic actuation for modulated torque transfer. Mechatronics 61, 69–82. doi: 10.1016/j.mechatronics.2019.06.001

 Martinez, F., Retolaza, I., Pujana-Arrese, A., Cenitagoya, A., Basurko, J., and Landaluze, J. (2008). “Design of a five actuated DOF upper limb exoskeleton oriented to workplace help,” in IEEE/RAS-EMBS Int. Conf. on Biomedical Robotics and Biomechatronics, Vol. 2 (Scottsdale, AZ), 169–174. doi: 10.1109/BIOROB.2008.4762788

 Moore, M. J., White, G. L., and Moore, D. L. (2007). Association of relative backpack weight with reported pain, pain sites, medical utilization, and lost school time in children and adolescents. J. School Health 77, 232–239. doi: 10.1111/j.1746-1561.2007.00198.x

 Moreno, J. C., Bueno, L., and Pons, J. L. (2008). “Wearable robot technologies,” in Wearable Robots: Biomechatronic Exoskeletons, ed J. L. Pons (New Jersey: John Wiley & Sons), 165–200. doi: 10.1002/9780470987667.ch6

 Noda, T., Teramae, T., Ugurlu, B., and Morimoto, J. (2014). “Development of an upper limb exoskeleton powered via pneumatic electric hybrid actuators with Bowden cable,” in IEEE International Conference on Intelligent Robots and Systems (Chicago, IL), 3573–3578. doi: 10.1109/IROS.2014.6943062

 Norman, S., Tang, W., Sanders, Q., and Sarigul-klijn, Y. (2016). “Design of a wearable robot to enable bimanual manipulation after stroke,” in Southern California Robotics Symposium (La Jolla, CA).

 Nycz, C. J., Bützer, T., Lambercy, O., Arata, J., Fischer, G. S., and Gassert, R. (2016). Design and characterization of a lightweight and fully portable remote actuation system for use with a hand exoskeleton. IEEE Robot. Autom. Lett. 1, 976–983. doi: 10.1109/LRA.2016.2528296

 Nycz, C. J., Delph, M. A., and Fischer, G. S. (2015). “Modeling and design of a tendon actuated soft robotic exoskeleton for hemiparetic upper limb rehabilitation,” in Conf. Proc. IEEE Eng. Med. Biol. Soc., Vol. 37 (Milan), 3889–3892. doi: 10.1109/EMBC.2015.7319243

 Ohnishi, K., Saito, Y., Oshima, T., and Higashihara, T. (2013). “Powered orthosis and attachable power-assist device with hydraulic bilateral servo system,” in Conf. Proc. IEEE Eng. Med. Biol. Soc., Vol. 35 (Osaka), 2850–2853. doi: 10.1109/EMBC.2013.6610134

 Ouyang, X., Ding, S., Fan, B., Li, P. Y., and Yang, H. (2016). Development of a novel compact hydraulic power unit for the exoskeleton robot. Mechatronics 38, 68–75. doi: 10.1016/j.mechatronics.2016.06.003

 Park, H., Lan, J., Zhang, J., Chen, K., and Fu, C. (2019). “Design of a soft wearable device for hip and knee extension assistance,” in 2019 5th International Conference on Control, Automation and Robotics (ICCAR) (Beijing), 798–801. doi: 10.1109/ICCAR.2019.8813492

 Park, Y.-L., Chen, B.-R., Pérez-Arancibia, N. O., Young, D., Stirling, L., Wood, R. J., et al. (2014a). Design and control of a bio-inspired soft wearable robotic device for ankle-foot rehabilitation. Bioinspir. Biomimet. Hong Kong, 9:16007. doi: 10.1088/1748-3182/9/1/016007

 Park, Y. L., Santos, J., Galloway, K. G., Goldfield, E. C., and Wood, R. J. (2014b). “A soft wearable robotic device for active knee motions using flat pneumatic artificial muscles,” in IEEE Int. Conf. on Robotics and Automation, 4805–4810. doi: 10.1109/ICRA.2014.6907562

 Patar, M. N. A. A., Komeda, T., Low, C. Y., and Mahmud, J. (2014). System integration and control of finger orthosis for post stroke rehabilitation. Proc. Technol. 15, 756–765. doi: 10.1016/j.protcy.2014.09.048

 Plettenburg, D. H. (2005). “Pneumatic actuators: a comparison of energy-to-mass ratio's,” in IEEE International Conference Rehabil. Robot., Vol. 2005, 545–549. doi: 10.1109/ICORR.2005.1502022

 Polygerinos, P., Wang, Z., Galloway, K. C., Wood, R. J., and Walsh, C. J. (2015). Soft robotic glove for combined assistance and at-home rehabilitation. Robot. Auton. Syst. 73, 135–143. doi: 10.1016/j.robot.2014.08.014

 Popov, D., Gaponov, I., and Ryu, J. (2017). Portable exoskeleton glove with soft structure for hand assistance in activities of daily living. IEEE/ASME Trans. Mechatron. 22, 865–875. doi: 10.1109/TMECH.2016.2641932

 Pugh, S. A. (1981). “Concept selection: a method that works,” in Proceedings of International Conference on Engineering Design (Rome), 497–506.

 Pylatiuk, C., Kargov, A., Gaiser, I., Werner, T., Schulz, S., and Bretthauer, G. (2009). “Design of a flexible fluidic actuation system for a hybrid elbow orthosis,” in IEEE Int. Conf. Rehabil. Robot, 167–171. doi: 10.1109/ICORR.2009.5209540

 Randazzo, L., Iturrate, I., Perdikis, S., and d. R. Millan, J. (2018). MANO: a wearable hand exoskeleton for activities of daily living and neurohabilitation. IEEE Robot. Autom. Lett. 3, 500–507. doi: 10.1109/LRA.2017.2771329

 Reinkensmeyer, D. (2019). JNER at 15 years: analysis of the state of neuroengineering and rehabilitation. J. NeuroEng. Rehabil. 16:144. doi: 10.1186/s12984-019-0610-0

 Rose, C. G., and O'Malley, M. K. (2019). Hybrid rigid-soft hand exoskeleton to assist functional dexterity. IEEE Robot. Autom. Lett. 4, 73–80. doi: 10.1109/LRA.2018.2878931

 Sanchez-Villamanan, M., Gonzalez-Vargas, J., Torricelli, D., Moreno, J., and Pons, J. (2019). Compliant lower limb exoskeletons: a comprehensive review on mechanical design principles. J. NeuroEng. Rehabil. 16. doi: 10.1186/s12984-019-0517-9

 Sarac, M., Solazzi, M., and Frisoli, A. (2019). Design requirements of generic hand exoskeletons and survey of hand exoskeletons for rehabilitation, assistive or haptic use. IEEE Trans. Hapt. 12, 400–413 doi: 10.1109/TOH.2019.2924881.

 Sasaki, D., Noritsugu, T., and Takaiwa, M. (2005). “Development of active support splint driven by pneumatic soft actuator (ASSIST),” in IEEE International Conference on Robotics and Automation, Vol. 2005 (Barcelona), 520–525. doi: 10.1109/ROBOT.2005.1570171

 Schmidt, K., Duarte, J. E., Grimmer, M., Sancho-Puchades, A., Wei, H., Easthope, C. S., et al. (2017). The myosuit: Bi-articular anti-gravity exosuit that reduces hip extensor activity in sitting transfers. Front. Neurorobot. 11:57. doi: 10.3389/fnbot.2017.00057

 Smit, G., and Plettenburg, D. (2011). “Design of a hydraulic hand prosthesis with articulating fingers,” in MyoElectric Controls/Powered Prosthetics Symposium Fredericton (New Brunswick), 1–3.

 Smit, G., Plettenburg, D., and van der Helm, F. (2014a). Design and evaluation of two different finger concepts for body-powered prosthetic hand. J. Rehabil. Res. Dev. 50, 1253–1266. doi: 10.1682/JRRD.2012.12.0223

 Smit, G., Plettenburg, D., and van der Helm, F. C. T. (2014b). The lightweight delft cylinder hand, the first multi-articulating hand that meets the basic user requirements. IEEE Trans. Neural Syst. Rehab. Eng. 23, 431–440. doi: 10.1109/TNSRE.2014.2342158

 Stilli, A., Cremoni, A., Bianchi, M., Ridolfi, A., Gerii, F., Vannetti, F., et al. (2018). “Airexglove-a novel pneumatic exoskeleton glove for adaptive hand rehabilitation in post-stroke patients,” in 2018 IEEE International Conference on Soft Robotics (RoboSoft) (Livorno), 579–584. doi: 10.1109/ROBOSOFT.2018.8405388

 Sun, Y., Liang, X., Yap, H. K., Cao, J. Jr, Ang, M. H., and Yeow, R. C. H. (2017). Force measurement toward the instability theory of soft pneumatic actuators. IEEE Robot. Autom. Lett. 2, 985–992. doi: 10.1109/LRA.2017.2656943

 Takahashi, C. D., Der-Yeghiaian, L., Le, V. H., and Cramer, S. C. (2005). “A robotic device for hand motor therapy after stroke,” in International Conference on Rehabilitation Robotics, Vol. 2005 (Chicago, IL), 17–20. doi: 10.1109/ICORR.2005.1501041

 Takahashi, N., Furuya, S., and Koike, H. (2020). Soft exoskeleton glove with human anatomical architecture: production of dexterous finger movements and skillful piano performance. IEEE Trans. Hapt. doi: 10.1109/TOH.2020.2993445. [Epub ahead of print].

 Takemura, K., Yokota, S., and Edamura, K. (2005). “A micro artificial muscle actuator using electro-conjugate fluid,” in Proceedings of the 2005 IEEE International Conference on Robotics and Automation (Barcelona), 532–537. doi: 10.1109/ROBOT.2005.1570173

 Thielbar, K. O., Triandafilou, K. M., Fischer, H. C., O'Toole, J. M., Corrigan, M. L., Ochoa, J. M., et al. (2017). Benefits of using a voice and emg-driven actuated glove to support occupational therapy for stroke survivors. IEEE Trans. Neural Syst. Rehabil. Eng. 25, 297–305. doi: 10.1109/TNSRE.2016.2569070

 Tjahyono, A. P., Aw, K. C., Devaraj, H., Surendra, W., Haemmerle, E., and Travas-Sejdic, J. (2013). A five-fingered hand exoskeleton driven by pneumatic artificial muscles with novel polypyrrole sensors. Ind. Robot. 40, 251–260. doi: 10.1108/01439911311309951

 Tran, P., Jeong, S., Wolf, S. L., and Desai, J. P. (2020). Patient-specific, voice-controlled, robotic flexotendon glove-ii system for spinal cord injury. IEEE Robot. Autom. Lett. 5, 898–905. doi: 10.1109/LRA.2020.2965900

 Vanderhoff, A., and Kim, K. J. (2009). Experimental study of a metal hydride driven braided artificial pneumatic muscle. Smart Mater. Struct. 18, 1–10. doi: 10.1088/0964-1726/18/12/125014

 Veale, A. J., and Xie, S. (2016). Towards compliant and wearable robotic orthoses: a review of current and emerging actuator technologies. Med. Eng. Phys. 38, 317–325. doi: 10.1016/j.medengphy.2016.01.010

 Veneman, J. F., Kruidhof, R., Hekman, E. E. G., Ekkelenkamp, R., Van Asseldonk, E. H. F., and Van Der Kooij, H. (2007). Design and evaluation of the LOPES exoskeleton robot for interactive gait rehabilitation. IEEE Trans. Neural Syst. Rehab. Eng. 15, 379–386. doi: 10.1109/TNSRE.2007.903919

 Vitiello, N., Lenzi, T., Roccella, S., De Rossi, S. M. M., Cattin, E., Giovacchini, F., et al. (2013). NEUROExos: a powered elbow exoskeleton for physical rehabilitation. IEEE Trans. Robot. 29, 220–235. doi: 10.1109/TRO.2012.2211492

 Walsh, C. (2018). Human-in-the-loop development of soft wearable robots. Nat. Rev. Mater. 3:1. doi: 10.1038/s41578-018-0011-1

 Wang, S., Li, J., Zhang, Y., and Wang, J. (2009). “Active and passive control of an exoskeleton with cable transmission for hand rehabilitation,” in International Conference on Biomedical Engineering and Informatics, Vol. 2 (Beijing), 1–5. doi: 10.1109/BMEI.2009.5305113

 Xiloyannis, M., Annese, E., Canesi, M., Kodiyan, A., Bicchi, A., Micera, S., et al. (2019). Design and validation of a modular one-to-many actuator for a soft wearable exosuit. Front. Neurorobot. 13:39. doi: 10.3389/fnbot.2019.00039

 Xiloyannis, M., Cappello, L., Khanh, D. B., Yen, S. C., and Masia, L. (2016). “Modelling and design of a synergy-based actuator for a tendon-driven soft robotic glove,” in Proceedings of the IEEE RAS and EMBS International Conference on Biomedical Robotics and Biomechatronics (Singapore), 1213–1219. doi: 10.1109/BIOROB.2016.7523796

 Xing, K., Huang, J., Xu, Q., and Wang, Y. (2009). “Design of a wearable rehabilitation robotic hand actuated by pneumatic artificial muscles,” in Asian Control Conference, Vol. 7 (Hong Kong), 740–744.

 Yap, H. K., Ang, B., Lim, J., Goh, J., and Yeow, R. C.-H. (2016). “A fabric-regulated soft robotic glove with user intent detection using EMG and RFID for hand assistive application,” in 2016 IEEE International Conference on Robotics and Automation (ICRA) (Stockholm), 3537–3542. doi: 10.1109/ICRA.2016.7487535

 Yap, H. K., Lim, J. H., Nasrallah, F., Goh, J. C. H., and Yeow, R. C. H. (2015). “A soft exoskeleton for hand assistive and rehabilitation application using pneumatic actuators with variable stiffness,” in IEEE International Conference on Robotics and Automation (Seattle, WA: IEEE), 4967–4972. doi: 10.1109/ICRA.2015.7139889

 Yazdani, M., Gamble, G., Henderson, G., and Hecht-Nielsen, R. (2012). A simple control policy for achieving minimum jerk trajectories. Neural Netw. 27, 74–80. doi: 10.1016/j.neunet.2011.11.005

 Yi, J., Chen, X., and Wang, Z. (2018). A 3D-printed soft robotic glove with enhanced ergonomics and force capability. IEEE Robot. Autom. Lett. 3, 242–248. doi: 10.1109/LRA.2017.2737481

 Yun, S.-S., Kang, B. B., and Cho, K.-J. (2017). Exo-glove PM: an easily customizable modularized pneumatic assistive glove. IEEE Robot. Autom. Lett. 2, 1725–1732. doi: 10.1109/LRA.2017.2678545

 Yun, Y., Dancausse, S., Esmatloo, P., Serrato, A., Merring, C. A., Agarwal, P., et al. (2017). “Maestro: An EMG-driven assistive hand exoskeleton for spinal cord injury patients,” in 2017 IEEE International Conference on Robotics and Automation (ICRA) (Marina Bay Sands), 2904–2910. doi: 10.1109/ICRA.2017.7989337

 Zhao, H., Li, Y., Elsamadisi, A., and Shepherd, R. (2015). Scalable manufacturing of high force wearable soft actuators. Extreme Mech. Lett. 3, 89–104. doi: 10.1016/j.eml.2015.02.006

 Zhou, Y. M., Wagner, D., Nuckols, K., Heimgartner, R., Correia, C., Clarke, M., et al. (2019). “Soft robotic glove with integrated sensing for intuitive grasping assistance post spinal cord injury,” in 2019 International Conference on Robotics and Automation (ICRA) (Montreal, QC), 9059–9065. doi: 10.1109/ICRA.2019.8794367

 Zhu, M., Do, T. N., Hawkes, E. W., and Visell, Y. (2020). Fluidic fabric muscle sheets for wearable and soft robotics. Soft Robot. 7, 179–197. doi: 10.1089/soro.2019.0033

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

The handling Editor declared a past collaboration with the authors OL, RG.

Copyright © 2021 Dittli, Hofmann, Bützer, Smit, Lambercy and Gassert. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/math_1.gif
Fao =

SFyt,

Ty

F o e Ty

)





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Remote Actuation Systems for Fully Wearable Assistive Devices: Requirements, Selection, and Optimization for Out-of-the-Lab Application of a Hand Exoskeleton



		1. Introduction



		2. Materials and Methods



		2.1. Literature Review



		2.1.1. Pneumatic Transmissions



		2.1.2. Hydraulic Transmissions



		2.1.3. Cable-Based Transmissions









		2.2. Discussion of RAS Principles and Evaluation for Out-of-the-Lab Application



		2.2.1. Maintenance



		2.2.2. Efficiency



		2.2.3. Power Density



		2.2.4. Safety



		2.2.5. Ergonomics









		2.3. Design Case: Fully Wearable Hand Exoskeleton



		2.3.1. Quantitative Design Requirements and Selection of RAS Principle



		2.3.2. Component Selection and Implementation of a Cable-Based RAS



		2.3.3. Evaluation Methods and Outcome Measures



		2.3.3.1. Test bench evaluation



		2.3.3.2. User evaluation



















		3. Results



		3.1. Final Prototype of the RAS



		3.2. RAS Evaluation



		3.2.1. Control Input Trajectory and Transmission Cable



		3.2.2. Maximum Output Force, Power, and Transmission Efficiency



		3.2.3. Durability Evaluation



		3.2.4. User Experience













		4. Discussion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Acknowledgments



		Supplementary Material



		References

















OPS/images/frobt-07-596185-t003.jpg
Number of grasp cycles
until failure

21,991
42,740
565,286

Failure mode

PE wire tore
Bowden sheath coupler loosened
Rack-and-pinion mechanism broke

Action before continuation

of evaluation

All PE wires replaced
Couplers and all PE wires replaced
End of evaluation





OPS/images/math_3.gif





OPS/images/math_2.gif
= TRCED Ty g
Tusly





OPS/images/frobt-07-596185-t002.jpg
Optimized RAS  Hofmann Nycz etal.
etal. (2018)  (2016)

Performance
Fmax [N] 280+4 150+ 5 28+4
Prnax W] 26 1.1 0.1
transmission (%] 90 65 a
Durability [#grasp cycles] > 20,000 <3500 na

Mass [g]

Actuation unit 211 516 127
Transm. system 28 33 31
Output 20 20 5
Overall 259 569 163

Volume [cm?]
Actuation unit 246 682 77
Transm. system 8 6 6
Output 8 9 2
Overall 262 697 85

Power-to-mass ratio [W/kg]
Overall 100 20 09
Power-to-volume ratio [KW/m’]

Overall 99 16 18

Prmax = maximum mechanical output power, nansmission — transmission efficiency for 135°
bending condition.





OPS/images/frobt-07-596185-t001.jpg
£ Transmission Pneumatic Hydraulic Cable-based 2
H Motor and Body- Li Rota 5
4 Actuation Tank Pump Pump e e N near e 2
@ cylinder power motor motor H
H 3 H 2 S 3 = 5 = 5
s | & | E || 2|2 < |s|2 2|83 82
Output g | & |3 |6%| & | 8& & = |8& 8|35 & -
_ Maintenance - 0 + o - - SO - 0 + + + - 2
g Eficiency - 0 - 0 + 0 + - 0 0 N 0 0 - 3
2 Power density -- - - o + e s 0 + + + 0 0 1
8 safety 0 % & 0 0 = - . - + - 4 & 2
o
Ergonomics 0 - o + 0 + + - ) + 0 ++ + 3
Weighted score ~ —15 1 0 1 s 2 2 2 6 3 5 5 0 10

The weighting and weighted score for the design case with an assistive hand exoskeleton (section 2.3) is shown in italics in the lest column and last row, respectively. Each + was
counted as 1, and each - was counted as —1.









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
’ frontiers
in Robotics and Al





OPS/images/frobt-07-596185-g005.gif





OPS/images/frobt-07-596185-g006.gif





OPS/images/frobt-07-596185-g003.gif
ot winch with s o Ouputwinch with o .

"
I






OPS/images/frobt-07-596185-g004.gif
Arduino Due

Power
supply

Output

Load cell —ﬁh s

Rack





OPS/images/frobt-07-596185-g009.gif





OPS/images/frobt-07-596185-g007.gif
PE wires.

sestvires

i





OPS/images/frobt-07-596185-g008.gif





OPS/images/cover.jpg
’ frontiers
in Robotics and Al

Remote Actuation Systems for Fully
Wearable Assistive Devices:
Requirements, Selection, and
Optimization for Qut-of-the-Lab
Application of a Hand Exoskeleton





OPS/images/frobt-07-596185-g001.gif
Actuation un Transmission system Ouput
Pocumatic cylinder

‘Milcompressor

Soft Prcumati Actuator

Prcumatic pump

Stsionary ai supply

Nirank

SRR Cable-based
Stepper motor

Servo motor





OPS/images/frobt-07-596185-g002.gif
R eman

Inpit
force

Actively sliding
spring





OPS/images/math_5.gif
exp(-pa)  (5)





OPS/images/math_4.gif
PIV (4






