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ABSTRACT

In an effort to improve rehabilitation devices, the applications of soft robotics technologies to prosthetics and physical
therapy were explored, particularly due to the benefits of the inherent properties of soft materials. A conceptual design
for a soft robotics device prototype is proposed to assist with physical therapy for wrist tendonitis and arthritis, carpal
tunnel syndrome, fractures and sprains, and compromised motor skills due to chronic stroke. The device assists in four
motions that are commonly performed in wrist therapy: flexion, extension, and rotation at the proximal radioulnar
joint (supination and pronation) using soft pneumatic actuators to guide movements. The distinct directions were
achieved by varying the lateral and radial strain limiting layers. The device uses embodied intelligence to make the
device dynamically adaptable in real time, allowing for a customizable recovery process. A detailed model of the
device was developed, and the viability of the design was assessed using a suite of state-of-the-art simulation tools
and limited hardware prototyping. Simulations were performed through integration of Rhinoceros 3D, Grasshopper
3D, Firefly, an Arduino microcontroller, biosensors, Python scripting, and visual parametric programming. Pressure
and materials were simulated and tested in Simulia Abaqus and Autodesk Fusion 360. Several parametric variations
were tried using simulations and the predictions revealed that rubber silicone at a pressure of 10 kiloPascals is the
optimal choice.

I. Introduction

In recent decades, robots have become integrated into many aspects of daily life across a wide range of fields and
industries. Alongside, soft robots have rapidly emerged and are receiving more widespread attention due to their in-
creased capabilities, resilience, and deformability, presenting plethora of new applications. Rigid robots are often
limited in their capabilities due to their inherently rigid structure, meaning they can only be controlled through a series
of rigid links. Furthermore, conventional robots are more susceptible to breakage and lack the ability to adapt to their
environment dynamically. Although rigid robots can be accurate, precise, and efficient, an increased demand in Hu-
man-Computer Interaction (HCI)—the communication and interplay between technologies and humans—has spiked
both new interest and technological breakthroughs in soft robotics because they are considerably more adjustable than
their rigid counterparts.

Due to the flexible qualities of their materials, soft robots are being increasingly explored in wearable devices
in prosthetics and physical therapy. An example of a rigid rehabilitation device is SaeboFlex, which uses multiple
splints to move the fingers. Although functional, the device is quite bulky and uncomfortable, and cannot— by the
nature of the material —be positioned on the human body well. Therefore, users of the device have expressed difficulty
and inconvenience with the fitting process [12]. By definition, soft robots are built of flexible materials (e.g. rubber,
silicone, elastomers, nylon 6, etc.), which contrast the rigid build of traditional solid metals used in conventional
robots. Because its materials are flexible, a soft robot is much better suited to be a wearable device on the body, giving
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a more effective physical therapy experience. In devices that are attempting to improve the motor skills of a body part,
the optimal performance is achieved when the device matches the shapes and contours of the body closely because
that is when the device will have the most control, ensuring that its movement is transferred to the limb effectively.
Because rigid robots are simply a series of joints and links, bodily geometries are virtually impossible to achieve.
Additionally, soft robots can use a variety of actuation techniques, including pneumatic inflation and deflation, pres-
sure regulation of the actuator, response to stimuli using a material’s inherent properties through environmental and
material exploitation, and many others. The most important feature of soft robotics actuators, in this application, is
continuous actuation. In rigid robots, the actuation is discrete, which means there is a set number of degrees of freedom
(DOF) that are controlled. However, soft robotic actuators can be intelligently controlled using embodied intelligence,
soft sensors, and intricate approximation algorithms based on neural networks and reservoir computing, which im-
prove the quality of rehabilitation by creating an increased capacity for imitating human movement. Finally, traditional
robots are often heavy and bulky and, therefore, lack portability and mobility, meaning they can mostly only be used
in specially designated facilities, inconveniencing the user financially, timewise, and energy-wise. Conversely, soft
robots can be designed as portable and lightweight wearable devices, which is both convenient and effective for its
purpose.

In this work, a new prototype was developed to assist with physical therapy for wrist tendonitis and arthritis,
carpal tunnel syndrome, fractures and sprains, and compromised motor skills due to chronic stroke. A literature survey
of similar devices is presented in the next section. The techniques employed in the design of the novel device proposed
in this work is discussed next, followed by details on the modeling of the actuation process. Finally, simulations and
analyses of results are presented, and key conclusions are drawn at the end.

II. A Review of Current Soft-Robotics Devices

The current state-of-the-art in the applications of soft robotics to body assistive devices, particularly prosthetics and
physical therapy, is presented, which helped the current research in identifying potential areas for improvement.

FIG. 1. Soft Robotic Glove for Task Specific Training. A gripping device by the Harvard University Biodesign Lab
to assist with hand motor control using pneumatic actuation. Credit: The Wyss Institute.

Harvard University Biodesign Lab has designed a biomimetic grasping glove for patients who have lost hand
motor abilities (see Figure 1). In order to control hand movements, the researchers used soft actuators made of elasto-
mer, a material that is valuable for its simultaneous resilience and deformability. The research in this lab motivated
the examination of constraining actuators, similar to the techniques used in this glove. These materials are biologically
inspired, which was part of the research in biomimicry conducted in this lab. The actuators were controlled pneumat-
ically through manipulating the internal air pressure via a separate manual control box. This device motivated the
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consideration of biomimetics for the research on the methods and materials for our device. The success of this device
prompted the present research to further explore intuitive control and the use of embodied intelligence based on intel-
ligent prediction techniques for control, rather than using a manual control box.

FIG. 2. X-Limb, a 3D printed soft robotic prosthetic hand. X-Limb is one of the first 3D-printed soft robotic hands,
used to understand the compromise between practicality and performance in such devices Credit: Mohammadi et al.

Because soft robotics is still an emerging and rapidly evolving field, there is a general lack of balance between
practicality and performance in devices. A new device, X-Limb (see Figure 2), explored the trade-off between design
feasibility and effectiveness so that the device is (1) comfortably wearable by the user, (2) practically manufacturable
in large scales, (3) easily customizable to a liberal range of grasping movements, and (4) reasonable in size and weight.
This case study gave the present research the consideration of exploiting the inherent properties of a material as an
alternative to brute-force control methods and potentially reduce the amount of needed control.

FIG. 3. OCTARM VI Soft robotic actuator controller. The OCTARM, a biomimetic soft continuum actuator control-
ler. Credit: I. Walker, Clemson University

Another example of the biomimetic controllers is the OCTARM controller series. In general, continuum
actuators are more difficult to control. However, new breakthroughs in computer science and artificial intelligence
provide new methods for the intelligent control of such systems. OCTARM VI (see Figure 3), is a dynamic manipu-
lator for soft continuum robots, taking biomimetic inspiration from an octopus tentacle. It was constructed using
McKibben pneumatic actuators which are high-strain extensor air muscles commonly used in prosthetic and physical
therapy devices. OCTARM VI has data acquisition boards for input (actuator length). The output is the voltage level
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of the pressure regulators. This device motivated the consideration of reservoir computing in nonlinear systems in the
proposed device as a means of accomplishing intuitive control in lieu of manual control.

There has also been some research in using soft robots for wrist rehabilitation. One device has explored using
pneumatic actuators to imitate flexion, extension, radial and ulnar deviation, and circular movements of the wrist [21].
The rubber actuators artificially imitated muscle movement and prompted the present research to consider the mate-
rials of the device and explore the costs and benefits of each to determine which are best suited for wrist rehabilitation
on the basis of portability, convenience, functionality, and nature.

In the following section, the novel the device proposed in the current work is described along with the tech-
niques employed.

III. Device Techniques

A. Device Overview

The proposed device prototype specifically focuses on the rehabilitation of the wrist. Such a device can be useful in a
number of applications: chronic stroke victims, who often have weakened dexterity and motor skills in the hands and
wrist; carpal tunnel syndrome improvement physical therapy exercises, both preceding and succeeding corrective
surgery; wrist tendonitis and arthritis, which is quite common; and wrist sprains and fractures. In all of these instances,
it is valuable to gradually complete physical therapy exercises to recover strength. In response to this, our device
implements four main motions: flexion, extension, and rotation at the proximal radioulnar joint (supination and pro-
nation) through controlled actuator pressurization and embodied intelligence.

B. The Actuation Process

The main factors considered for the actuation process were: comfort, mobility, practicality, and effectiveness. Based
on the research that was carried out, three different methods for actuation were down-selected: (1) response to stimuli
based on the inherent properties of a material, (2) manipulating pressure through on-device regulators, and (3) motors.
The first method was not very effective for our purposes, simply because a proper stimulus or a proper material to
react to the stimulus could not be identified. The third method was determined to be bulky and rigid. Ultimately,
pneumatics (method 2) was chosen since it provided the user with the most comfort, had the most potential for mo-
bility, and complied with our actuator design the best [11].

As seen in Figure 4, the device has a secure brace that wraps around the wrist and contains a total of four
actuators on the wrist. Included on the device is the microcontroller, a flex sensor to measure the angle of the wrist
(including direction), a haptic sensor for ease of control, pneumatic tubes for inflation, and other components.

For a device to be successful, the following qualities need to be assessed: (1) actuation techniques and prop-
erties, (2) actuation performance, and (3) practicality of such a device. In this paper, these areas are assessed through
design exploration using computer-aided design (CAD) models and simulations of the actuation process using a num-
ber of commercial simulation software as described in later sections.
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FIG. 4. The initial sketch of our prototype developed prior to modeling and simulating.

C. Actuator Motions and Control

In order to achieve the four motions of the device described above, the actuator movement in the direction of interest
was constrained in two ways. The first was the control of lateral expansion (see Figure 5). When the actuator is inflated,
it is constrained such that it would not expand in length. This was achieved using a limiting layer of a material with a
higher Young’s modulus, a measure of how easily an object can stretch or deform. The second was the control of
radial expansion (see Figure 6). This requires two similar radial constraints, one in the clockwise direction and the
other in the counterclockwise direction to allow for both supination and pronation. This method was adapted from
Harvard University Biodesign Lab’s design, but expanded the capabilities of the actuators beyond bending. For each
desired wrist motion, a specific combination of constraints was used (see Figures 7-10). When the actuator is placed
on a certain part of the hand, it will cause the wrist to imitate that same motion.
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FIG. 5. When no lateral limiting layer is present, the actuator ~ FIG. 6. When the radial limiting layer is added in one
expands laterally. When the layer is added, the actuator bends  direction the actuator will twist when inflated. When
instead, as desired, because it is no longer constrained to ex- it is constrained in both directions, the actuator
pand in length. bends.
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FIG. 7. Flexion. In order to get the wrist to flex, it is im-  FIG. 8. Extension. Similar to Figure 7, three constrain-
portant to add a strain limiting layer to constrain lateral ing layers are used. Essentially, it is the same actuator,
expansion and radial limits in both directions, so that the  but by placing it on the bottom of the hand, the opposite
actuator bends. motion is achieved.

7 S ¢

FIG. 9. Supination and pronation (right hand). In addi- FIG. 10. Supination and pronation (left land). Similar

tion to bending, the actuator must now twist, which means  to Figure 9, we use the same layers. By placing the actu-
one less radial constraint is added (see Figure 8). ator below, the wrist rotates the wrist the opposite way.

The proposed actuators would need a feedback control system to manage, process, and regulate the actions
of a device. The feedback controllers take an input, typically through sensors, and regulate and manipulate the output
of the system through the use of a microcontroller. This allows the device to constantly adapt to the environment
dynamically. Control systems can generally be represented through block diagrams as shown in Figure 11. There are
two main control systems that are typically used: setpoint and tracking. Setpoint controllers use feedback to maintain
equilibrium, which is at a given setpoint, hence the name. Tracking controllers use manipulator algorithms to define
the model of an articulated robot to analyze and perform dynamic and kinematic functions to track the trajectories of
the robot. For the proposed device a tracking controller would be more suitable as the actuation process is continuous.
Setpoint control would require taking inputs that could be directly compared to a threshold value. Because the robot
is soft, it is difficult to directly measure the shape of the actuator. Instead, a tracking controller would be able to
function with many unknown parameters of the actuator systems, since all the DOF cannot be controlled in soft actu-
ators. This device would likely need to be modeled as a time-variant; nonlinear system as discussed in the next section.
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FIG. 11. A generic control system block diagram. Block diagram for the feedback control system for the proposed
device prototype.

D. Embodied Intelligence

Due to the inherent properties of soft robots, including their lack of rigidity and complex trajectory, soft sensors are
often used in control systems. Not every parameter of a system can be directly measured for control, either because
the parameter is simply unmeasurable or there is no appropriate apparatus to do so. Soft sensors are used to collect
other parameters using other flexible sensors on the device to collect data which are then used to make a prediction of
the true parameter. In the proposed device, neural networks could be utilized to count the completed repetitions to
track the user’s progress and accordingly determine the desired internal air pressure and threshold angle, which would
be the target outputs for the control system.

Despite the fact that it is not necessary to regulate every parameter of a soft system, the proposed device
requires a certain degree of sensing to control the behavior of the actuators. Because these actuators are soft and
flexible, incorporating tactile sensors to measure changes to the system based on external manipulation — in this case
pressure — is achieved through the use of stretchable electrical wiring and dynamic transducers that are designed for
such devices. This allows pressure data to be directly collected from the system, which can be utilized in artificial
neural networks and reservoir computing to control exercise difficulty. To incorporate computation, the device ex-
ploits the inherent rich dynamics in the material itself, where the soft body is used as a reservoir, complimented by
the nonlinearity of the body. Therefore, the collected pressure data can be used in the input layer of the artificial neural
network, eventually used to predict the state of other parameters in real time.

Neural networks work by imitating the intricate connections of neurons in the brain for pattern recognition,
in the form of providing outputs. Fundamentally, they function through an organization of layers that are used to
process information from an input layer to produce an output neuron (see Figure 12). The input layer has one data
point (neuron) for each piece of input, which is then passed through a series of hidden layers, which are responsible
for processing the inputs, and transfers information to the output layer. Within the hidden layers, there are a few main
things that define the processing (see Figure 13). First, each neuron has a weight, which quantifies the impact of the
numerical value on the output. This can be both positive and negative. Conceptually, the weight can be seen as a
quantification of how strong the neurons are connected. Second, bias, which is an offset in the network, acts as a
constant that is added to the weighted total to modify the output. Then, the weighted sum is inputted into an activation
function. One common example is the sigmoid function, because it exists only between 0 and 1, so it can be useful to
predict probability. The output is given in the output layer, which has one neuron per output of interest.

The proposed device aims to adjust the rehabilitation process —that is, the range of motion and the amount
of provided support—based on how much the user has advanced in their recovery process. The aforementioned sensor
techniques will be employed as a means of measuring user performance and device trajectory through tactile pressure
sensors. Once the input layer is used to predict an output of the pressure layer, using a middle reservoir to process
inputs and predict different outputs in real time, the pressure is varied in the actuators and controlled through constant
regulation and prediction of the pressure. The pressure levels are regulated using tracking control, which is discussed
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in a later section. The pressure would be regulated by controlling solenoid valves that regulate air flow in and out of
the actuator, instructed by a microcontroller incorporated in the device. Additionally, by using a fluidic flex sensor to
measure the number of times that a user has been able to cross a threshold value, the device is able to quantify how
much the user’s wrist can bend. As the user becomes comfortable with achieving flexion, extension, and rotation to a
certain angle, the support from the actuators (i.e., pressure) would decrease to gradually train the wrist to independently
achieve these four motions. To adjust the pressure of these actuators, the microcontroller varies the amount of voltage
provided to the pressure regulators on the actuators, allowing for the variation of both the actuator angle and rigidity,
allowing the degree to which the wrist is being bent and supported to vary throughout the actuation process. The
means of controlling actuator pressure based on predictions from data on completed repetitions and angle magnitude.
The actuation methodology proposed for the device is described in the next section.
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FIG. 12. Neural Network Map. A map of a neural FIG. 13. Neural network layers map. Outline of the
network used to predict the amount of voltage sent ~ hidden layers that will be in the reservoir of the network.
to pressure regulators to control the device without ~ Allows the prediction algorithms to be functional.
manual control.

IV. Device Modeling

A model of the proposed device was developed based on its features and capabilities. The model allowed for four
unique features: (1) allowing the device to move in the four aforementioned directions, achieved by the use of four
distinct actuators; (2) intuitive control of the device by using the flex sensor for flexion and extension to sense the
position of the hand, and two haptic sensors pressed by the thumb for rotation; (3) control over the difficulty of the
exercise in the form of levels, done by regulating the air pressure: the higher the air pressure in the actuator, the more
assistance is given to the user’s wrist, so by using reservoir computing and prediction algorithms, intelligent adaptation
to the user’s needs is made possible; and (4) returning the wrist to a normal position after each completed repetition.
By reading the flex sensor, the actuators would automatically deflate. This threshold angle value can also be manipu-
lated for sub levels. The device was made of the materials and components listed in Table 1.
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TABLE 1. Device components and materials. The components and materials used in the device. Electronic compo-

nents, jumper wires, and air tubes are omitted.

Component Material or Product Quantity
Silicone Elastomer (actuators) ELASTOSIL® M 4601 A/B 160g

Microcontroller Arduino Mega 2560 Rev 3 1
Toggle Switches Nilight 90012E Heavy Duty Rocker Toggle 4
Potentiometers Rotary Potentiometer - 10k Ohm, Linear 4
Air Pump Gikfun Mini Air Diaphragm Pump EK1856 1
Valves SMC VQ110U-5M valve 4
Pressure Sensors Autex Pressure Sensor 100 Psi 4
Flex Sensor 3" Bidirectional Flexible Bend Sensor 1
Haptics Sensor GHH Digital Touch Sensor 2
24V DC input jack Chanzon DC Power Connector 1
24V to 12V converter Cllena DC/DC Voltage Converter Regulator 24V to 12V 1
24V to 5V converter DKPLNT 50W DC-DC 12V 24V to 5V 10A Converter 1
10 K Ohm resistors EDGELEC 10K ohm Resistor 4
Velcro (to hold actuators) Strenco 2 Inch Adhesive Black Hook and Loop Tape - 5 Yards 1
Wrist Brace Comfy Brace Night Wrist Sleep Support Brace 1

A. Control System Modeling

The control system for this device is represented in Figure 9, shown below. The system begins with the flex sensor

reading, which will vary as the wrist moves and changes its bending angle. This reading is processed by the micro-

controller, an Arduino Mega, which processes the input and accordingly controls the solenoid valves and the air

pumps. For example, when the wrist bending angle increases, the solenoid valves would open and compressed air

would be pumped through the tubes and valves into the corresponding actuator. As a result, the actuator would inflate.

When the wrist bending angle is outside a certain threshold, the controller would instruct the air pump to suck the air

out from the actuator for deflation. When the valves are closed, pressure in the actuators remains constant. The control

occurs in a feedback loop, meaning the actuators are constantly controlled based on the flex sensor reading.

Air
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»| Solenoid Valves
(open or closed)

compressed air
flows in, pause if
the valve closes,

Compressed air

and deflate if the air
is sucked out

Actuator causes

Wrist

release air
Haptic Microcontroller
Sensors (Arduino Mega) |Tumns valves
on or off
Control for rotational T
movement (direction .
included) Sensor readlmg changes
as the wrist moves
Flex Sensor [«
(Bending angle)

Movement | (@)

the wrist to move
Actuators

-t

FIG. 14. Device control system block diagram. The control system block diagram, specific to our prototype.
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The control system is developed upon an open-source control board developed by Soft Robotics Toolkit [3].
A visual circuit diagram of the configuration is shown in Figure 15 below. Most of the electrical components from
Table 1 are represented, as well as the wiring. The connections to the Arduino Mega, a microcontroller developed by
Adafruit Industries, are also shown. The solenoid valves are controlled by the Arduino’s signals to the Field Effect
Transistor (FET) switches, which function by controlling voltage to vary output current. The potentiometers are used
to manually control the actuators if needed. The pressure sensors are used to monitor the actuators. Since four actuators
are used, there are four sets of valves, valve switches, and FET switches. The 5V power controller is used to power
all the other components except the air pump, which uses 12V power input. The sensors are powered by the micro-

controller, which uses its native power input.

Control System Circuit Diagram

Red Terminal: +

Black Terminal: -
Blue Terminal: utility
. i Green Wires: power
AerCLB Black Wires: ground
Vi Other: utility

FIG. 15. Visual wiring diagram. The electrical wiring configuration of the control system. Two additional air
outlets, valves, switches and potentiometers are omitted to ensure readability.

B. Actuator Design and Modeling

The actuators used in this device are a modified version of the Pneumatic Network Actuator [1] originally developed
by Soft Robotics Toolkit [2] and pneu-nets actuator [7]. The actuator dimensions (see Figure 16) are modified to better
suit the device. The actuators have air cavities that inflate (see Figure 17). The simulations performed using the model
developed and the results are described in the next section.

FIG. 16. Actuator CAD model top view. Actuator top and front views with extensible dimensions.

ISSN: 2167-1907 www.JSR.org 10



a9l IINTION Volume 10 Issue 1 (2021)

. Journal of Student Research

FIG. 17. Actuator CAD model bottom view. The bottom view of the actuator, showing the parts and the inner
cavities.

V. Simulations, Results, and Analyses

A. Actuator Inflation Simulation in Simulia Abaqus

When considering the development of the control system, it is important to determine the amount of pressure needed
to inflate the actuator. The inflation process was simulated using the Simulia Abaqus software by Dassault Systémes.
The material of the actuator simulated was silicone rubber Elastosil M4601. A thin, 0.10 millimeter thick layer of
paper fabric served as the lateral expansion limiting layer. The pressure of the actuators was varied to obtain the
bending angle (see Table 2 for results). The time of inflation was set to two seconds. The desired amount of pressure
needed per actuator was determined. Because the human wrist only needs to bend to a maximum angle of ninety
degrees [4], 10 kPa is a sufficient maximum pressure for an individual actuator (as 10 kPa gives an angle just slightly
above ninety degrees). The inflated actuator is shown in Figures 18-21.

TABLE 2. Simulia Abaqus actuator simulation results. Simulation results, showing the relationship between actu-
ator pressure and approximate bending angle.

Pressure (kPa) Actuator Bending
10 kPa 95.5°
25 kPa 156.6°
40 kPa 216.0°
55 kPa 251.8°
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FIG. 18. Actuator at a FIG. 19. Actuator at a FIG. 20. Actuator at a FIG. 21. Actuator at
pressure of 10 kPa. Bend-  pressure of 25 kPa. pressure of 40 kPa. at a pressure of 55 kPa.
ing angle was well above Bending angle was well Bending angle was above = Bending angle was

90 degrees, at around above 90 degrees, at 90 degrees, at around slightly above 90 degrees,
251.8 degrees. around 216.0 degrees. 156.6 degrees. at around 95.5 degrees.

B. Actuator Control Simulation with Arduino in Rhinoceros 3D

To model the movement of the actuators, controlled by biosensory input from the user, a model was created using
computer-aided design (CAD) modeling in Rhinoceros 3D (Rhino), a three-dimensional CAD modeling software.
First, the complete model was constructed, including the same components from the initial sketch (see Figure 13).
The individual models of the four actuators in their proper orientations (i.e., facing upward or downward based on
whether they are to be placed on top of or underneath the wrist) were included. The lateral and radial limiting con-
straints can be seen in the model’s dark pink layers (see Figure 22). The red geometries show an outline of the bending
motion that occurs with each actuator (see Figures 23-24). To simulate the bending, Grasshopper, an integrated pro-
gramming environment within Rhino, was used. A parametric arc was created to bend the geometries along, initially
working with a slider to manipulate the trajectory of the arc on the XZ plane. The script used for this purpose is
presented in Figure 25.

FIG. 22. Full device CAD model from Rhinoceros 3D. The model includes all the components from the initial
sketch, including the two top actuators.
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FIG. 24. Rotation for both hands. Depicts the movement when the . sensors are touched.

Although the sliders were useful to initially model the actuator movement, the physical device used two biosensors as
a catalyst for movement. Therefore, an Arduino Uno board and two sensors were used to control the functionality of
the device. There were few modifications made to the design due to the limitations of the availability of our resources.
The sensors were modified to replace the flex sensor and two haptic sensors with two tilt sensors with one haptic
sensor. The simulation activity was constrained by the number of digital pins available on the Arduino Uno. In the
future, this constraint can be lifted by using an Arduino Mega board which has an expanded set of pins.

The electrical configuration (see Figure 26) begins with sensors (see Figures 27) which are connected to the
Arduino using a solderless breadboard and jumper wires. This allows current to flow from the board’s power and
ground pins to the power rails on the breadboard. Each sensor pin is connected to digital input pins on the breadboard.
Two tilt sensors were necessary for the two directions of vertical movement, flexion and extension. To combat the
lack of another touch sensor, we utilized a toggle to switch between the two rotation directions.

There are a number of software that were used to achieve this simulation. The first was the Arduino Integrated
Development Environment (IDE), in which code was written to identify a number of parameters. This included the
baud rate, or a quantification of the system’s data transmission speed, which was 115200 bits per second in our pro-
totype. In addition, input and output pins were defined in the code. Finally, instructions regarding the processing of
the sensor inputs and how to modify or present the output were programmed, using techniques like loops, conditionals,
and arrays. This program, called a sketch, was uploaded through a COM (communication) port in the serial commu-
nication interface, connected via a USB cable. Sensor readings were eventually utilized as a basis for controlling the
geometry constructed in Rhino via Grasshopper. The sensor reading from the Serial Monitor in the Arduino IDE was
transferred using an extension software called Firefly. The Firefly Firmata was interfaced with the Arduino sketch
(see Figure 28) for carrying out the simulations with ease as the model parameters were defined in the graphical
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interface, like the baud rate, COM port, and port availability (see Figure 30). To ensure that the reading was constantly
updating in the interface, the timer function was added in the Grasshopper environment. Finally, once this reading
successfully appeared in Grasshopper, Python scripting (see Figure 29) was used to interpret this result and ultimately
control the slider. This was done by defining the output variable, initializing it to the high point of the domain of the
arc, and incrementally changing the value of the x coordinate when the sensor reading was true, or “1.” The output of
the Python scripting component was fed into the inputs for the x and z values of the arc along which the 3D geometry
bends. The results are shown in Figures 31-34).

FIG. 25. Grasshopper scripts.
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Initial Grasshopper script to control the geometries created in Rhino using sliders, which were later replaced by con-
trolling the actuators using data, shown in the yellow panels (see Figure 20) from the digital sensors, and Python
scripting components (see Figure 21).

FIG. 27. Tilt and touch sensors used for input.
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#include <Servo.h>
#include <pins_arduino_ h>

#define BAUDRATE 115200
#define BUFFSIZE 512

char buffer[BUFFSIZE];
uintd_s bufferide = 07
char *parseptr;
char buffids;

int counter = 0;

int numeyeles = 1000;]
$if defined( AVR ATmega328F ) || defined(_AVR ATmegaléd )
Serve Servol3, Servol2, Servoll, Servol), ServoS, Servos, Servoe, Serves, Serveds
Serve SERVO_CONFIG[] = {Servol2, Servol2, Serwoll, Serwoll, Servod, Servod, Serwoé, SerwoS, Servod};
int WRITE_PIN CONFIG[] = (13,12,11,10,3,3,€,5,3};
int READ APIN CONFIG[] = {0,1,2,%,4,5};
int READ DPIN CONFIG[] = {2,4,7}:
sendir
fFEif defined( AVR ATmega32U4_) || defined| AVR ATmegaléU4 )
¢/ Sexvo Sezvol3, Servol2, Servoll, Sexvoll, SezvoS, Servos, Servo€, Serves, Servod;
i WO_CONFIG[] = {Servol3, Servolz, Servoll, Servoll, ServeS, Servo, Servo, Servos, Served};
‘" _PIN_CONFIG(] = {13, 5,8,€,5,3};
/7 dns _ADIN_CONFIG[] = {0,1
7 ins ) DPIN _CONFIGL] = {2,4
f/tendis
i
/7#if defined(_AVR_ATmsgal2B0_) || definsd(_RVR_RTmega28é0_)
s , Servod, SexveS, Sezveé, Serws?, Servod, Served, Servold, Serwoll, Servelz, Sexv
s X = {ServoZ, Servo3, Servod, ServoS, Servo€, Servol, Serwof, Serwos, Servoll, Serv
i . DIN CONEIG(] = {(2,%,4,5,%,7,8,%,10,11,12,13,32,33, 3¢, 35, 36,37, 38, 3%, 40, 41, 42, 43, 44, 45, 46, 47
fF int  APIN_CONFIG(] = {0 5.€,7 11,12,13,1¢,15};
/7 dnc _DPIN_CONFIG(] = 25,30,31};
¢tendiz
i
FPif defined( SAM3XEE_ )
/f Servo FDACQ, FDACL, Servo2, Serve3, Served, ServoS, Servod, Servol, Servos, Servo, Servoll, Servoll,
/7 Servo SERVO_CONFIG[] = {FDACO, FDACI, 2, Servo3, Served, ServeS, Serveé, Serwo?, Servod, Servod,

/f int WAT
/7 int

_DIN_CONFIGI
) APTN_CONFIG[

/7 int ) DFIN_CONFIG[

Servez,

8,5,10,11,12,13

.32,33,34,35,3€,37, 38,35, 40,41, 42, 43, 44,45, ¢4

FIG. 28. Sketch. The Arduino sketch in the IDE.
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Edit Tools Mode Help

Provides a scripting component.
«Inputs:
«x: The x script variable
+y: The y script variable
«Qutput:
. +a: The a output variable™™"
__author__ = "ria”
_ version__ = "2020.07.21"

ﬁmpart rhinoscriptsyntax as rs

flexion_x_val = 59
extension_x_wval = 59

print(x)

if x == "1":
‘print(flexion_x_val)
+if flexion_x_val > 29.5:
. +flexion_x_val = 29.5
. sprint(flexion_x_val)

print(y)

FIG. 29. Python script. Written in
Grasshopper.
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{0}
Hooray! The serial
port is open and you
may now begin D
reading or writing
data to the serial
port.

{0}

Uno Read

FIG. 30. Grasshopper script. Configuration of parametric scripting components to integrate Arduino.

FIG. 31. Flexion. Because the sensor is tilted down, the FIG. 32. Extension. Because the sensor is tilted
flexion actuator is pressurized and bends down in Rhino. up, the extension actuator is pressurized in Rhino.
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FIG. 33. Supination and pronation (R). Since the FIG. 34. Supination and pronation (L). Since the toggle
toggle is set to true for CW, and the sensor is being is set to false for CCW, and the sensor is touched, the

touched, the actuator twists for the right hand in Rhino. actuator twists for the left land in Rhino.

C. Materials Simulation in Autodesk Fusion 360

To simulate the effectiveness and suitability of various materials, tests were performed in Autodesk Fusion 360. A
CAD model was developed of a single inflatable cavity of the actuator and then tested three materials of that cavity
using a static force. These materials were nylon (polycaprolactam) 6, rubber silicone, and low density polyethylene
(LDP). Overall, these materials were lightweight and had low Young’s moduli (see Table 3). The Young’s modulus
is a ratio of stress to strain (in the elastic zone) , measuring a material's resistance to deformation when a force is
placed on it. A material of a low Young’s modulus will deform easily, and vice versa [6]. We considered the safety
factor and displacement of each material to determine the optimal material for our device.

TABLE 3. The materials used and their respective weights needed for the device and their Young’s moduli.

Material Estimated Total Weight of All Material (g) Young’s Modulus (GPa)
Nylon 6 126.8 2.758
Rubber silicone 141.2 0.003
Low Density Polyethylene 101.2 0.124

The graph shown in Figure 36 shows the resulting safety factor of each material as the load increased on all sides. The
safety factor is a ratio of strength to expected strain. The target safety factor ranges based on the uncertainty and risk
of the design [13]. Any safety factor above four is generally considered conservative. Fusion 360 offers a maximum
safety value reading of 15. So, from the simulation results, it was found that Nylon 6 could withstand up to 2 PSI
while keeping a safety factor equal to or greater than 15. LDP and rubber silicone were relatively close in safety factor
as the PSI increased and both gradually decreased in safety factor after 0.75 PSI. Through all materials exhibited high
safety factors, Nylon 6 was significantly higher than Rubber Silicone and LDP. The graph in Figure 37 shows the
materials’ displacement increased as the load increased. All the materials showed roughly linear changes in maximum
displacement as the PSI increased. Rubber silicone had the steepest slope (and therefore the largest displacement),
followed by LDP, followed by Nylon 6. Rubber silicone was the ideal material due to its high deformation even at
low pressures and high Young’s modulus. Though rubber silicone had the lowest safety factor, it was still well above
the threshold value of four. Despite the higher weight of, the difference in weights was negligible,
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FIG. 35. Single Actuator Cavity. Model of a single cavity
from Autodesk Fusion 360.
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FIG. 36. Graph of safety factor and load. FIG. 37. Graph of displacement and load.

V1. Conclusions

The prototype offered four ranges of motion, intuitive control, and a dynamically adaptable physical therapy process.
Through many simulations in Rhinoceros 3D, Grasshopper, Kangaroo, Firefly, Simulia Abaqus, and Fusion 360, the
optimal material and pressure necessary in our device were tested. The optimal material was silicone rubber, Elastosil
M4601 A/B. In addition, movements in all four directions of wrist motion: extension, flexion, rotation (supination and
pronation) were successfully simulated. It was found that only needed 1-2 PSI of pressure was needed to fully extend
the wrist to 95.5 degrees, which is sufficient. The maximum capabilities of the device is 251.8 degrees, at around 8
PSI. Because these conclusions are purely theoretical, a possible future work would be to construct a physical proto-
type and obtain experimental data. Additionally, a mobile application that can collect data from the physical therapy
process could be developed. This would involve collecting information from flex and haptic sensors to gauge the
user’s performance and develop a custom exercise plan. Finally, the device could be further developed for other limbs
using a similar concept.
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