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Abstract

:

This paper addresses the design, fabrication and control of Fabric Inflatable Soft Actuators (FISAs) for driving Soft Wearable Devices (SWD) for rehabilitation or assistance tasks. FISAs are integrated by a set of pneumatic chambers made of 200D TPU-nylon that create bending-extending motions using a modular assembly that allow FISAs to adapt them to any size of limb or easily replace them. Regarding FISAs fabrication, a self-hand manufacturing approach has been used for cutting, sewing, and joining them. Additionally, to evaluate FISAs operation, a Soft Exo-Sleeve called MOSAR system was manufactured to achieve elbow motion. To control their inflation-deflation process in real-time, proportional and solenoid valves have been implemented along with a Proportional-Derivative (PD) control strategy that has been embedded in the NUCLEO-STM32F767ZI™ board with rapid control prototyping. Preliminary experiments about FISA performance on the MOSAR system were carried out to measure the inflation-deflation time, Range of Motion (ROM), and output force when elbow flexion-extension occurred in a dummy limb. The results have demonstrated FISAs functionality above the exosuit since they were able to lift 1 kg with flexion of 130   °   in 5 s using 50 psi. Therefore, FISAs represent a feasible choice for semicircular motions in other joints such as the wrist, hand, or knee, no matter age, limb, or size, only the number of FISAs must be adjusted on the MOSAR system.
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1. Introduction


The use of air pressurization has been widely explored to drive soft robots with multiple Degrees of Freedom (DOF) due to their adaptability, structural compliance, lightweight, and low stiffness [1]. Particularly, Soft Pneumatic Actuators (SPAs) have been successfully attached to SWD to reach accurate rehabilitation or assistance tasks due to their safe and effective motions when bending and extending occur [2]. Mostly SWD designs with SPAs have been proposed using Pneumatic Artificial Muscles (PAMs), Fluid Elastomer Actuators (FEAs), and inflatable structures [3].



In recent years, inflatable soft actuators have increasingly attracted more interest than other SPAs, since they are considered the most straightforward design with high payload capacity and low stiffness [4]. They are integrated by a set of lightweight chambers that are flat but become bulky structures when are inflated [5]. Usually, chambers are made of Thermoplastic Polyurethane (TPU) coated nylon [6] or Electrostatic Discharge (ESD) plastic sheets [7]. The chambers have the ability to emulate natural human movements by adapting to different shapes inside pockets with a single input air that can support their own structure twice [8].



In the literature, several designs of inflatable actuators have been proposed for soft robotics applications using different parameters, constraints, materials, electro-pneumatic configurations, and computational or fabrication methods to enhance their performance [9]. Air chambers or bladders are mainly determined by their geometry and dimensions of gap, height, and thickness of the wall or number of chambers depending on the target trajectory and required pressure to achieve a specific motion on a surface. The higher number of chambers, the less required pressure, however, voluminous structures are obtained [10]. Moreover, the use of thin and high walls increases the force output which means less pressure to reach maximum bending [11].



Inflatable structures have outperformed other SPAs since they do not require high forces during contraction nor sophisticated equipment for their fabrication or are time-consuming compared to FEAs development. Usually, chambers are pleated in serial with a single layer [12] or use multiple layers with thin films of Polymerizing Vinyl Chloride (PVC) [13] or Low-Density Polyethylene (LDPE) [14] to reduce their weight, however, forces are restricted since they are more likely to explode. Most assemblies are joined in a single piece [15], but chambers cannot be replaced separately when air leaks occurs, or designs are oriented to a custom user [16].



Moreover, different research groups have adopted inflatable actuators on several SWD since they represent an affordable choice for rehabilitation or assistance tasks, for example, shoulder [17], elbow [16,18], forearm [19], knee [20] mobilizations or soft grippers for hand manipulation [8]. Table 1 compares FISAs features to other inflatable structures that have been proposed for rehabilitation tasks.



To control the inflation-deflation process of the chambers, several closed-loop strategies have been proposed through pressure, flexion, or mass flow sensing using Arduino UNO schemes [21]. However, this type of microcontroller does not offer accurate actions in real-time. Moreover, plenty of electro-pneumatic systems have been used to enhance airflow and pressure regulation. Most schemes work with two Solenoid Valves (SV) since they provide a fast response during filling and venting [22]. Other proposals include Proportional Valves (PV) due to their accurate adjusting pressure and linear control output. However, they sacrifice fast response and are three times more expensive and heavier than solenoid valves [23]. Likewise, pressure regulators have become another choice for flow control due to their lower cost compared to PV valves [12]. Whereby, current proposals should look for balancing accurate pressure regulation, inflation-deflation in real-time, and costs.



The operation of inflatable structures has been evaluated in terms of angle, strain, pressure, or payload capacity. For instance, some control schemes include Pulse Width Modulation (PWM) to estimate volume flow rate or bending angle using mass sensors [24] or flex sensors [25], respectively. Nevertheless, there are still several difficulties related to controlling inflatable actuators with high payload, low deformation, and without noise on the steady-state [26]. Hence, a Finite Element Method (FEM) has been employed as a tool for evaluating pressure deformation inside inflatable actuators [27,28,29] or modeling reinforced composite materials to increase their payload capacity [30,31]. However, scalability, repeatability, and lifetime still need to be improved.



Therefore, this study presents the design, fabrication, and control of fabric inflatable soft actuators to drive SWD for rehabilitation or assistance tasks that create bending-extending motions like a music accordion to reach maximum pressurization. To achieve this goal, a modular design of FISA actuators has been proposed to adapt the number of chambers to different lengths which can be replaced separately. Furthermore, to control the inflation-deflation process, a cost-effective array of a proportional valve and a solenoid valve has been implemented along with a PD control strategy to offer accurate pressure sensing and guarantee the stability of the system, using an industrial microcontroller Cortex-M7 with rapid control prototyping options, specifically designed for real-time control, unlike Arduino controllers.



The remainder of this paper is organized as follows: Section 2 provides a detailed description of the design and fabrication for the FISAs chambers and the soft Exo-Sleeve MOSAR with all their components and assembly. Moreover, the Electro-Pneumatic Integration and Control for FISAs inflation-deflation are deeply described along with the implemented PD control strategy. In Section 3, the results from preliminary experiments of the FISA actuator’s performance on the MOSAR system are evaluated to achieve elbow motion. Section 4 discusses the main attributes and challenges of FISAs for Soft Wearable Devices and conclusions are reported in Section 5.




2. Materials and Methods


This section presents the design, fabrication, and control of FISAs actuators for being applied to a Soft Exo-Sleeve called MOSAR system to achieve elbow mobilization with low pressure in real-time.



2.1. FISAs Design


FISAs were designed with the ability to achieve semicircular path motions that execute unidirectional bending when they are pressurized and extension when they are depressurized, based on the natural trajectory of the human elbow that goes from 0   °   to 150   °   [32] and considering the design criteria and constraints of the MOSAR system that have been previously reported in [33].



FISA actuators are integrated by a set of pneumatic 200D-TPU chambers that are joined to an inelastic fabric layer which is attached to the target limb and creates a circular cross-section area around it, like a musical accordion. The semicircular profile of the chambers is defined by the following geometrical parameters: (a) base length bl which represents the total length of the rigid layer where the chambers are mounted, (b) wall thickness wt, (c) gap g which is the distance between the center of the chambers, (d) height of air channel h and (e) width of chambers w. FISAs must be equally distributed along the target limb and the base length should have at least the same size to cover the whole area that needs to be lifted. Likewise, the outside distribution and the height of chambers are suggested to be 5 mm and 50 mm, respectively to avoid bulky designs [16]. Finally, (f) the angle of attack,  α  is defined between the air inlet and base length, and the (g) number of chambers n depends on the length of the limb [34]. These parameters should be the same for all FISAS chambers depending on the required pressure, they can be observed in the side, lateral, and isometric views of Figure 1 with all their components.



For this study, FISAs actuators are aimed to exert elbow mobilization on a dummy limb of 32 cm long similar to the anatomy of a child of 8 years old. Therefore, a modular configuration has been proposed to adapt them to any anatomy with a simple and fast assembly, only by changing the number of the chambers on the base layer, depending on the target limb, no matter size, age, or sex. For this case study, 12 chambers of 35 mm × 75 mm have been joined in a 17 cm base layer. The gap is separated every 10 mm, so when the air comes through, they are able to push each other successively with the same pressure, allowing a uniform flow that creates the domino effect reaching maximum pressure. FISAs measures were proposed to provide a compact design using fewer chambers with low pressure which guarantees patients’ safety and comfort compared to other designs.




2.2. FISAs Fabrication


Heat sealable TPU films have become the main choice for inflatable structures fabrication due to their easy handling, flexibility, and low stiffness [35]. Hence, some proposals have included high-frequency welding using an electromagnetic field, fixation, and sealing [36], since less time is required compared to other pneumatic structures. Other procedures have also mixed TPU with nylon coated to ensure fluid tightness with high strength and low cost [23]. Both include folding techniques using elastic bladders tubes, however, they are not suitable for large scales.



Unlike other inflatable actuators fabrication, FISAs propose a simple self-hand manufacturing process with 4 steps for cutting, sealing, sewing, and joining the air chambers to foster the do-it-yourself (DIY) approach, since it does not require sophisticated equipment nor consumes time. This process is described below and can be observed in Figure 1c:




	
FISAs chamber’s (a) profile is drawn and then cut in laser using 200D TPU-coated Oxford nylon blue (Rockywoods)® to reach high-pressure values.



	
T plastic connectors (b) are inserted at the top of each chamber for airflow circulation and tight with nuts to avoid air leaks. Then, chambers are folded and their edges are heat sealed.



	
Inelastic fabric material (c) is used for the base layer to cover the target limb that will be moved. Likewise, fabric layers (d) are separately sewn to contain FISAs chambers along the base layer depending on the gap. They allow chambers to be easily removed or replaced, and also avoid twisting and radial expansion.



	
Air tubing (e) is connected in all chambers for airflow circulation along the path.








Additionally, to test FISAs performance, a Soft Exo-Sleeve called the MOSAR system was manufactured to achieve elbow flexion extension on a dummy limb. The exosuit is made of fabric inelastic cloth and sewn with Velcro straps to fasten FISAs along the upper limb to provide maximum torque, the whole system weighs only 100 g.




2.3. FISAs Electro-Pneumatic Integration


This experimental study has implemented Rapid Control Prototyping (RCP) to facilitate the inflation-deflation control of FISAs actuators due to its benefits in reducing the time and complexity of programming [37]. Likewise, an industrial-grade microcontroller Cortex-M7, specifically designed for control in real time was used, unlike Arduino controllers. The electro-pneumatic system integration was divided into five steps that are described below, including an electrical diagram of the setup with wire and pneumatic connections that are illustrated in Figure 2. Moreover, all components are enclosed in a control box and only an air tube is directly connected to the FISAs actuators.



	
For air supply, a commercial compressor unit (a) was used and connected to a maintenance unit (b) (152894T106, FESTO™) for fluid purification during the inflation process. Then, the air is directed towards a 2/2-way Proportional Valve (c), (PFV-W24E05-M100C-0500, Enfield Technologies™) for accurate adjusting pressure.



	
The Proportional Valve is connected to a reference pressure sensor (d) (577020, FESTO™) only to monitor the inlet pressure. At the same time, the PV is connected to a 3/2-way solenoid valve (e) (MHE3-MS1H-3/2G-A/8-K, FESTO™) which has a spring return and fast switching time. Additionally, a Power Supply (f) of 24 V has been used to energize all these components.



	
To control flow regulation of the Proportional Valve, it is necessary to condition the analog signal from 0 to 5 V for opening it. Therefore, a non-inverting operational amplifier (g) (LM358P, Texas Instruments™) of 1.5 gain and (510  Ω ) was used for the Digital Analog Converter (DAC) at the output of the microcontroller from 0 to 3.3 V.



	
The air at the output of the Solenoid Valve enters directly to FISAs actuators (h) during the inflation-deflation process. At the same time, it is connected to a (ASDXAVX100PGAA5 Honeywell International Inc.™) pressure sensor (i) of 5 V to measure the current value. Moreover, a MOSFET transistor (j) (IRF3205) has been used to activate the solenoid valve to purge the air into the atmosphere only by switching the gnd connection.



	
An electronic NUCLEO-STM32F767ZI™ board (k) was used to control the digital outputs of the MOSFET and the DAC, as well as, for reading the Analog Digital Converter (ADC) output of the pressure sensor. This microcontroller was programmed in C code using IDE System Workbench for STM32 with a baud rate of 38,400 and a sampling frequency of 125 Hz. Simultaneously, the NUCLEO board communicates with a PC (l) through a serial protocol, and by implementing a serial terminal the user can set the desired air pressure values.







2.4. FISAs Control Design


This section explains the four stages carried out to design the control loop for the inflation-deflation process of the FISAs actuators: (i) the first stage shows the pressure sensor characterization; (ii) the second stage consists of using the switching time characteristics of the implemented valves to determine the PWM modulation frequency and the sampling time of the control loop; (iii) this stage explains how to obtain the transfer function of the system by means of the transient response obtained experimentally; (iv) finally, this stage explains the Proportional Derivative (PD) controller design approach and its implementation in an embedded system to control the FISAs actuator.



2.4.1. Pressure Sensor Characterization


In order to control the opening and closing of the proportional valve, the pressure sensor (ASDXAVX100PGAA5) was characterized to determine the voltage-pressure ratio for accurate flow regulation. Thus, the air pressure was varied from 0 to 50 psi using the Digital to Analog Converter (DAC) signal coming out from the microcontroller (12-bit resolution) goes from 0 V to 3.3 V, but the proportional valve requires 0 V to 5 V, then, a non-inverting operational amplifier circuit (with   g a i n = 1.5  ) was implemented for signal conditioning from 0 to 5 V. The proportional valve was opened with a minimum pressure of 3 psi at 1890 of ADC and it remains fully open from 2600 of ADC at maximum pressure. The pressure of the sensor against the ADC values is plotted in Figure 3.




2.4.2. Determining PWM Frequency and Sampling Time


In order to determine the PWM frequency and the sampling time to be implemented in the control loop, it was first necessary to obtain the switching time characteristics of the valves (proportional/solenoid), as is suggested in [38]. Furthermore, the modulation of the PWM frequency (  M  f  p w m    ) can be calculated by using (1):


  M  f  p w m   =  1   T  o p   +  T  c l      



(1)




where   T  o p    represents the opening switching time when the solenoid valve is ON after sending the activation signal, and   T  c l    represents the closing switching time when the valve is OFF after sending the deactivation signal. Then, according to the manufacturer specifications, the solenoid valve has    T  o p   = 2.3   ms and    T  c l   = 2.8   ms, and replacing these values in (1) it is obtained a (  M  f  p w m   = 196   Hz), but in practice, this is a high-frequency value which can produce early wear of the valve. Thus, the PWM modulation time was set at 125 Hz to avoid PWM chattering and to increment the lifetime of the valve [38]. With respect to the proportional valve the manufacturer specifications mention that the response time is less than 30 ms, then, to control the opening of this valve by means of the microcontroller DAC output signal and avoid early wear as well, the frequency was set to 40 Hz.



On the other hand, to calculate the sampling time (  T  s t   ) of the control loop, this one should be greater than the sum of the opening and closing switching time of the solenoid valve,    T  s t    > m a x (   T  o p   +  T  c l    ) [38]. Then, according to the switching values of the solenoid valve the sampling time was also set to 125 Hz.




2.4.3. Transient Response and Transfer Function of the System


In order to experimentally obtain the transfer function of the FISAs system, it was necessary to obtain its transient response of it by introducing a step input. In this case, the system was fully integrated with all components as shown in Figure 2, but without controlling the deflation of the system like in open loop mode. The step input was activated during 7 s (to prevent the destruction of the chambers in the FISAs actuator) providing 50 psi to the actuator (i.e., the proportional valve was completely open), then the pressure sensor was only used to monitor the air pressure in the FISAs actuators (see Figure 4).



Once the transient response is obtained, we proceed to obtain a mathematical representation of the system by means of a first-order transfer function. To do so, the System Identification Toolbox of Matlab® was implemented. The result provided by the toolbox was a transfer function with a gain system   k = 0.487   and a time constant   τ = 0.02872   with a fit equal to 92, as is shown in Equation (2). It is worth mentioning that once the transfer function values were obtained, it is possible to proceed with closed-loop control simulations for tuning the PID controller parameters or other proposed control strategies.


   G  ( s )  =   0.487   0.2872 s + 1    



(2)








2.4.4. PD Controller Design Approach


To control the angle of motion of the FISAs actuators by means of the inflation-deflation process which is proportional to air pressure regulation, it is necessary to implement a closed-loop control strategy. Initially, a Proportional-Integral-Derivative (PID) controller was proposed. However, when the inflation process reaches the desired pressure set by the user, the solenoid valve continuously purges (every 200 ms) to maintain the desired pressure and reduce steady-state error, which means more wear and less working time due to fast valve switching. Therefore, to solve these issues, a Proportional-Derivative strategy was proposed instead, to reduce the continuous purge of the valve while keeping close the desired pressure to the steady-state error, as noted in [39].



The PD controller parameters were tuned in simulation, implementing the PID Controller block and the transfer function of the system in the closed-loop configuration using Simulink of Matlab®. The obtained values for the Proportional and Derivative parameters are 1350 and 50, respectively. It is worth mentioning that the values of these parameters were selected to condition the control signal value to the DAC output signal of the microcontroller which has a 12-bit resolution.



In order to test the PD controller and its parameters, it has been designed a closed-loop control in Simulink (see Figure 2 and Figure 5), then, using the RCP options provided by Simulink as explained in [37], the model has been embedded as C program in the microcontroller (Cortex-M7) that contains the NUCLEO-STM32F767ZI™ board. Moreover, the proposed closed-loop control strategy works as follows: the desired air pressure is set by the user as a reference value   P  r e f   , then the proportional valve receives the control signal from the PD controller, then the internal pressure at the output of the soft actuator   P  o u t p u t   , is self-regulated depending on the desired and sensing value   P  m e a s u r e d   . The error, e is calculated from the difference between   P  r e f    and   P  m e a s u r e d   . If the error is ≥0, then FISAs will inflate, otherwise, they will deflate, i.e., the solenoid valve is activated to purge excess air into the atmosphere.






3. Experimental Results


Once the design, fabrication, and control of FISAs actuators were achieved. Preliminary experiments on FISAs performance were carried out to guarantee their operation above the MOSAR system. Therefore, three experimental tests related to their inflation-deflation time, Range of Motion, and output force were evaluated to achieve elbow flexion extension in a dummy limb of 370 g. Figure 6 illustrates the experimental setup along with the assembly of FISAs actuators on the MOSAR system.



3.1. Inflation-Deflation Time


The time elapsed between the pressurization and depressurization was evaluated when elbow mobilization occurs on a dummy limb with the dimensions of an 8-year-old child and a pressure from 0 to 50 psi. Therefore, two different assessments were performed to measure the inflation   T  i f    and deflation   T  d f    time when the actuators were partially inflated or totally deflated.



Figure 7a illustrates the inflation process to an input step signal. The actuators started to inflate after 7.5 s when pressure was above 3 psi and another 5 s were needed for full inflation at maximum pressure. Whereas Figure 7b includes both actions, FISAs are fully inflated in 12 s and started to depressurize when they reach 50 psi, and took them around 5 s to deflate completely. Obviously, both processes occur faster when the actuators are partially inflated or deflated, since less depressurization is required. It can be observed in both figures that there is an error of less than 1%, since the system is able to reach 49.29 of 50 psi in real-time.



Furthermore, the time for supplying and exhausting pressure of the FISAs for the MOSAR system operation represents a feasible and safe tool for being used in rehabilitation protocols compared to other designs since they will not harm users when elbow flexion-extension is executed. However, vacuum ejectors can be used as another option to reduce the inflation time, if it is necessary [36].




3.2. Range of Motion


The Range of Motion was measured to evaluate the capacity of the MOSAR system to achieve natural elbow flexion-extension, considering that a human upper limb represents the 5% of the total weight of the human body [40] and activities of daily living normally require 30   °   for elbow flexion [33].



Therefore, three experimental tests were carried out to measure the bending angle using a manual goniometer. FISAs actuators were mounted on an aluminum plate that was set at 180   °   as a reference, and then the actuators started to be pressurized above it to lift three steel cylinder weights of 0.5 kg, 1 kg, and 2 kg when the pressure was varied from 0 to 50 psi.



The results show that FISAs have the capacity to lift 1.5 kg using only 12 chambers. They were able to bend internally from 20   °  –30   °   at maximum pressure when they were flexed, and also can bend up to 70   °   with 0.5 kg, as plotted in Figure 8. The ROM of the FISAs actuators agrees with the natural ROM of a healthy patient which means that they can be applied for elbow motion and for other joints that include bending tasks.




3.3. Output Force


To continue with the assessment of FISAs actuators, their lift force capacity was determined using an electronic Force Gauge Mecmesin™ with a capacity of 100 N. This experiment consisted to apply a normal force when they were placed horizontally on an aluminum plate, at different angles of 0   °  , 20   °   and 45   °  , while the pressure was varied from 5 psi to 50 psi.



During the experiment, FISAs actuators were able to lift a maximum force of 18 N when the base plane was set at an angle of 20   °  , and 50 psi were applied. Whereas a minimum force of 2 N was computed when the angle was set at 45   °  , the larger the angle, the smaller the force produced, since the sensor points down; finally, 12.5 N was obtained when the base plane was normal to the gauge. All these measurements can be observed in Figure 9, they have demonstrated that the FISAs actuators have the capacity to lift an elbow of a child which only needs 16 N as is noted in [40].





4. Discussion


Several applications related to Soft Robotics have taken advantage of the air since it is as a powerful plenty natural resource that does not pollute. Thus, the air has been demonstrated to be a feasible fluid for Soft Pneumatic Actuators with multiple degrees of freedom. Therefore, several technological advances related to inflatable structures have been done during the last decade for driving Soft Robots due to their flexibility, lightness, safety, costs, and output forces. However, handling and storing compressible fluids in inflatable actuators have been a challenge. There are still several issues to face in optimizing their design, fabrication, and control, especially those which are focused on medical applications.



Therefore, this research has presented a detailed description of the Fabric Inflatable Soft Actuators to drive soft wearable devices for rehabilitation or assistance tasks, using a modular design for their assembly with a simple fabrication process and real-time control for their inflation-deflation process. The concept of FISAs has been inspired by the “domino effect” to produce the same chain reaction when the actuators are pressurized. Thus, the geometrical parameters of the FISAs chambers must be defined to reach maximum pressurization depending on the target trajectory and required pressure to achieve a specific motion on a surface. Otherwise, FISA chambers would behave like a bunch of grapes, they will overlap with each other, and no force is produced.



The fabrication of inflatable actuators with the ability to contain pressurized fluid into elastic structures with multiple degrees of freedom and without air leaks has been a challenge. Current methods are still looking for materials with minimum stiffness and high payload capacity under high compression stress to reach higher pressures. Additionally, fabrication methods should look for simple, fast, and cost-effective procedures to test the actuators. Unlike other proposals, FISAs fabrication was presented as a handcrafted process since it involves manipulation skills under the do-it-yourself approach to make it accessible for all people interested in Soft Robotics applications. The main advantage of the FISA fabrication process is that custom designs can be obtained, or they can be scaled to different anthropometric ranges. Likewise, the components and equipment are commercially available, so this type of fabrication allows the chambers to be tested or replaced immediately and their costs are low compared to the Silicone process which requires sophisticated equipment or is more time-consuming.



Regarding SPAs control, mostly PID strategies have been implemented because they provide stability to the systems with a minimum error during pressure sensing [21]. However, it has been demonstrated during the experimental work of this research, that this control strategy is not a suitable option when solenoid valves are used. Since PID control strategy increases the wear of solenoid valves, because they are venting all the time to keep the desired value, so their lifetime is affected. Hence, a PD control strategy was a better choice to compensate for the error, avoid chattering and extend the life use of the solenoid valve. Moreover, the solenoid and proportional valves assembly turned out a balance among speed, accuracy, regulation, and costs during the inflation-deflation process of FISAs actuators, since Proportional Valves have greater delay time than Solenoid Valves in real time.



Furthermore, the use of the NUCLEO-STM32F767ZI™ board, as an embedded system that offers RCP options using Simulink of Matlab®, was another contribution of this paper, since a faster response was obtained in real-time compared to ARDUINO™ control schemes for all the elecro-pneumatic system. Additionally, channels such as ADC or DAC are already included which means savings on components, programming, and costs. Therefore, it is recommended to make an analysis to evaluate all these factors.



It is worth mentioning that FISAs performance was evaluated in a Soft Exo-sleeved called MOSAR system to achieve elbow mobilization. This exosuit weighs only 100 g and has an easy donn-off to provide intuitive use. Thus, experimental tests were successfully carried out above a dummy limb to guarantee FISA operation during bending motions. Whereby, FISAs actuators could be also applied to other joints that involve flexion-extension motion such as the knee, wrist, or fingers for example, or even in other assistance tasks under the approach of Soft Robotics. However, for rehabilitation protocols, we recommend testing FISAs first on healthy people and later on users with impaired limbs, and always under the supervision of therapists or doctors to assess patient progress.



The main advantages of FISAs actuators are: (1) their compact design that avoids cumbersome structures compared to other inflatable actuators with high dimensions (see Table 1). (2) a self-fabrication process for their modular assembly that allows the chambers to be easily changed or replaced. Thus, FISAs can be adapted to different limbs, regardless of age, sex, or length, only the number of chambers must be defined. (3) the use of the NUCLEO-STM32F767ZI™ board (using a microcontroller Cortex-M7) with RPC capabilities provides accurate control pressure and sensing in real-time during the inflation-deflation process. Thus, FISAs represent a feasible option for elbow mobilization and for other joints that include bending motions, such as the knee, wrist, hand, or fingers. Exo-Sleeve called MOSAR system.



Most efforts related to inflatable actuators seek to become an aid tool for therapists or solve the demands of clinics that do not have available facilities or therapists for patients with restricted mobility [33]. Hence, inflatable actuators for driving Soft Wearable Devices should focus on three main tasks: (1) to perform or guide patients to accomplish a specific motion on a target limb, (2) to increase their Range of Motion, and (3) to make users feel comfortable and engaged during the therapy. This will be possible if we work closely with therapists to monitor the process.



Moreover, several breakthroughs related to inflatable actuators have been done. However, pneumatic systems such as FISAs are still requiring compact portable units, since they are connected to a stationary air inlet supply or compressor units that require electricity for air pressurization. Thus, compact storage tanks similar to Oxygen ones are suggested so that users can move freely. Similarly, materials resistant to air leaks with low cost and with high payload capacity must be available for the developers during their manipulation to be off-the-shelf products, since the inflatable can generate high forces with low air pressurization.



Inflatable actuators have opened a window of opportunities for developing medical technology applied to rehabilitation or assistance tasks, using a clean power source. We should foster and bet on new developments, as available and low-cost products for being a feasible alternative for users, therapists, or hospitals, in the short run. Additionally, other options for the electro-pneumatic assembly should be sought, since they represent the highest cost of this type of system. In particular, Proportional Valves have a large range of bandwidths but are expensive. Whereas Solenoid Valves are cheap, their high switching frequency reduces their lifetime. Nevertheless, this assembly has shown a fast and accurate response when the supply and exhaust pressure of FISAs actuators is controlled during bending-extending. Thus, the proposed control can be used in other applications of Soft Robots with pneumatic actuation, for one or more DOF, but a trade-off between costs-components-operation is needed.




5. Conclusions


In this study, we addressed a specific type of Soft Pneumatic Actuators for driving Soft Wearable Robots applied to rehabilitation or assistance tasks. Thus, we present a detailed description of the design, fabrication, and control of Fabric Inflatable Soft Actuators called FISAs. These actuators were created for executing bending and extending motions into the MOSAR system, a Soft Exo-Sleeve of 100 g that was developed for elbow mobilization of an 8-year-old child, a case study previously introduced in [33].



Therefore, to overcome the natural growth of the child, a modular configuration has been proposed to adapt FISAs actuators to any anatomy, no matter the length, age, or sex. Regarding their development, a hand-craft process has been applied under the DIY approach for encouraging all people interested in Soft Robotics, using a simple and fast assembly, only by adding or removing chambers from a base layer that imitated the domino effect to achieve maximum pressure when bending occurs, only geometrical parameters must be defined to reach maximum pressurization on a circular cross-section area for the target limb.



Another contribution from this paper is the proposed real-time control scheme using a proportional and solenoid valve assembly for accurate pressure regulation on an embedded board (NUCLEO-STM32F767ZI ™) with RCP. Hence, a PD control strategy was implemented for pressure sensing characterization where the delay time was measured and the transfer function of the system was obtained. The results of this experimental setup have reduced the inflation-deflation time with a fast response for flexion-extension movements. FISAs could inflate in 12 s with an error less than 1% on the steady-state at 50 psi. Hence, FISAs represent a trade-off between components and operation costs due to their rapid fabrication that makes them available and feasible actuators for soft robots.



Furthermore, FISAs performance was evaluated on a Soft Wearable Exo-Sleeve called MOSAR system to achieve elbow motion. The MOSAR was integrated by a set of 12 TPU FISAs chambers which allows a compact structure when they are inflated or deflated. Additionally, it reduces their number, dimensions, and increases pressure output for elbow mobilization compared to other works that were shown in Table 1. From these preliminary experiments, we have demonstrated FISAs functionality above the MOSAR system. FISAs provide a ROM of 130   °   and lift 16 N above a dummy limb similar to child anatomy. These results exceed the required force for elbow mobilization using less pressure. For future work, FISAs actuators and the Soft Exo-sleeve MOSAR system will be tested first on healthy people to validate their functionality, and then on patients with impaired upper limbs, specifically on elbow mobilization.



Therefore, FISAs represent a new approach to medical Soft Robotics actuation, they can be applied to other Soft Wearable Robots that can include passive-active rehabilitation or assistance tasks, for instance, only the geometrical parameters must be defined. FISAs do not seek to replace the work of therapists or healthcare workers but are useful tools and aids for people with upper or lower limb disabilities during their rehabilitation protocols. There should be always contact between patients and therapists to monitor their progress and define their routines. Hence, this type of textile actuator, along with the electro-pneumatic system, provides a trade-off between costs-manufacture-operation due to their rapid fabrication and accurate pressure regulation that makes them available and feasible actuators for soft robots. Nevertheless, the more DOF, the more complexity of the system, but larger forces could be obtained depending on the degree of pressurization.
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Abbreviations


The following abbreviations are used in this manuscript:



	ADC
	Analog Digital Converter



	DAC
	Digital Analog Converter



	DIY
	Do It Yourself



	DOF
	Degrees of Freedom



	ESD
	Electrostatic Discharge



	FEAs
	Fluid Elastomer actuators



	FEM
	Finite Element Method



	FISAs
	Fabric Inflatable Soft Actuators



	LDPE
	Low Density Polyethylene



	PAMs
	Pneumatic Artificial Muscles



	PD
	Proportional-Derivative



	PID
	Proportional-Integral-Derivative



	PV
	Proportional Valves



	PVC
	Polymerizing Vinyl Chloride



	RCP
	Rapid Control Prototyping



	ROM
	Range of Motion



	SPAs
	Soft Pneumatic Actuators



	SV
	Solenoid Valves



	SWD
	Soft Wearable Soft Devices



	TPU
	Themoplastic Polyurethane
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Figure 1. FISAs geometrical parameters on a front view: (a) shows the base length bl, wall thickness wt, gap g, height of air channel h and width of chambers w. (b) shows the angle of attack between the air inlet and base length,  α , and the number of chambers n in a semicircular path. (c) FISAs assembly a: air chambers, b: T connectors, c: inelastic fabric layer, d: fabric chambers containers and e: air tubing. 
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Figure 2. Block diagram of the FISAs system to control the inflation-deflation process. 






Figure 2. Block diagram of the FISAs system to control the inflation-deflation process.



[image: Machines 10 00871 g002]







[image: Machines 10 00871 g003 550] 





Figure 3. Pressure sensing control scheme of FISAs actuators. 
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Figure 4. Transient response of the FISAs system that was obtained experimentally. 
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Figure 5. FISAs pressure sensing in a closed-loop control scheme. 
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Figure 6. Experimental setup of FISAs above the MOSAR system with all the components. 
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Figure 7. FISAs inflation-deflation time. (a) FISAs inflation process. (b) FISAs deflation process. 
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Figure 8. Range of Motion test of FISAs when lifting 0.5 kg, 1.5 kg, and 2 kg. (a) Pressure vs. Degrees test. (b) FISAs and weights setup. 
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Figure 9. FISAs payload capacity test. (a) Pressure vs. Force test. (b) Force Gauge and FISAs setup. 
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Table 1. FISAs features and comparison with other inflatable structures for rehabilitation tasks.
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	Inflatable Actuators
	Dimensions
	Pressure
	Material
	Weight
	Interface





	Soft modules [15]
	100 mm × 60 mm
	0–50 kPa
	EcoFlex0030®
	350 g
	Arduino



	Soft Actuator [16]
	50 mm × 50 mm
	300 kPa
	TPU-nylon
	–
	Arduino



	Inflatable bladders [12]
	110 mm × 90 mm
	450 kPa
	Rivertex 842®
	–
	(DS1104R&D)



	Serial Inflatable actuators [13]
	60 mm × 350 mm
	20–50 kPa
	PVC
	–
	–



	Inflatable structures [14]
	50 mm × 300 mm
	20 kPa
	LDPE
	13.2 g
	Arduino



	FISAs
	35 mm × 70 mm
	300 kPa
	200D TPU-nylon
	100 g
	NUCLEO-STM32F767ZI™
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