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Abstract

Purpose – Pediatric disorders, such as cerebral palsy and stroke, can result in thumb-in-palm
deformity greatly limiting hand function. This not only limits children’s ability to perform activities of
daily living but also limits important motor skill development. Specifically, the isolated orthosis for
thumb actuation (IOTA) is 2 degrees of freedom (DOF) thumb exoskeleton that can actuate the
carpometacarpal (CMC) and metacarpophalangeal (MCP) joints through ranges of motion required for
activities of daily living. The paper aims to discuss these issues.
Design/methodology/approach – IOTA consists of a lightweight hand-mounted mechanism that
can be secured and aligned to individual wearers. The mechanism is actuated via flexible cables
that connect to a portable control box. Embedded encoders and bend sensors monitor the 2 DOF of the
thumb and flexion/extension of the wrist. A linear force characterization was performed to test the
mechanical efficiency of the cable-drive transmission and the output torque at the exoskeletal CMC and
MCP joints was measured.
Findings – Using this platform, a number of control modes can be implemented that will enable the
device to be controlled by a patient to assist with opposition grasp and fine motor control. Linear force
and torque studies showed a maximum efficiency of 44 percent, resulting in a torque of 2.3971.06 in.-lbf
and 0.6970.31 in.-lbf at the CMC and MCP joints, respectively.
Practical implications – The authors envision this at-home device augmenting the current in-clinic
and at-home therapy, enabling telerehabilitation protocols.
Originality/value – This paper presents the design and characterization of a novel device specifically
designed for pediatric grasp telerehabilitation to facilitate improved functionality and somatosensory
learning.
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1. Introduction
The human hand is a sophisticated instrument used to perform many activities of
daily living. The opposable thumb is a remarkable anatomical feature of the hand
which greatly increases the hand’s versatility. Thumb opposition involves flexion,
abduction, and medial rotation so that the pulp surface can contact the other digits
(Jones, 2006). A variety of pediatric diseases and brain injuries can affect hand
function, including cerebral palsy (CP), pediatric stoke, and traumatic brain injury.
CP is the most common motor disability in children, affecting approximately 3.6 per
1,000 school-age children (Yeargin-Allsopp et al., 2008). Approximately 47 percent of
patients with CP have a thumb in palm deformity in at least one of their hands,
which negatively affects hand function (Park et al., 2011). According to the House
classification, type II thumb-in-palm deformity is defined as fixed adduction of the
carpometacarpal (CMC) joint and flexion of the metacarpophalangeal (MCP) joint
(Damiano, 2006).

The goal of pediatric hand rehabilitation is to promote the independence of the
patient by improving motor function. Depending on the severity, treatment can include
stretching, serial casting, orthotic devices, chemical denervation, surgical release,
and other techniques to help maintain range of motion and tone control in the upper
extremity. All of these interventions require occupational therapy, which include the
use of functional tasks within the treatment sessions and at-home exercise programs,
to maximize function. Improvements in motor performance over time are due to
neuroplasticity, which is enhanced in children, allowing the brain to reorganize
neuronal networks and recover from brain damage (Johnston, 2009). Motor learning
strategies that incorporate massed practice, cognitive engagement, and functional
relevance are considered essential to successful therapy for pediatric movement
disorders (Damiano, 2006).

Rehabilitative programs that can be performed at home have the potential to
augment standard care and have the advantage of being more convenient, less
expensive, and provide greater training frequency and intensity than conventional
care delivered one-on-one by a therapist in a clinic. Robotic rehabilitation devices can
be programmed to apply precise motions or torques to relevant joints in a repetitive
manner during active participation while quantitatively monitoring progress over
timescales that range from seconds to months. Through the use of video games
or interactive feedback, these robotic rehabilitation therapies can also be entertaining
and motivating which may help maintain use and encourage the completion of a
rehabilitation program.

Robotic rehabilitative devices for the hand can either be end-effector (Dovat et al.,
2008; Lambercy et al., 2007; Kawasaki and Mouri, 2007) or exoskeleton (Schabowsky
et al., 2010; Loureiro and Harwin, 2007; Turner et al., 1998; Bouzit et al., 2002;
Connelly et al., 2009) based systems. End-effector systems, such as the cable actuated
handcare (Dovat et al., 2008), only constrain the distal phalanges of the fingers while
the proximal joints are unconstrained. Thus, if explicit control of each joint is desired,
an exoskeletal system rather than an end-effector system is necessary. Exoskeleton
systems can simultaneously constrain distal and proximal joints such as the proximal
inter-phalangeal joint and the metacarpal phalangeal joint. For exoskeleton based
systems, the robotic super structure can be mounted either in the palmar region of the
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hand as in Bouzit et al. (2002), or on the dorsum of the hand (Schabowsky et al., 2010;
Loureiro and Harwin, 2007; Turner et al., 1998; Godfrey et al., 2010). One limitation
of devices with hardware in the palmar region is their inability for the user to perform
palmar or pincer grasps, two functionally important motor control strategies, in real
(not virtual reality) environments. Exoskeleton systems for the hand can have
independent degrees of freedom (DOF) for each finger as in (Bouzit et al., 2002; Connelly
et al., 2009) or they can lump the index through the small finger together into one
functional unit with 1 DOF (Lambercy et al., 2007; Schabowsky et al., 2010; Loureiro and
Harwin, 2007; Godfrey et al., 2010; Ochoa et al., 2009).

While the field of rehabilitation robotics has seen significant growth recently, very
little work has been focussed on pediatric applications (Fasoli et al., 2012). In particular,
no pediatric exoskeleton systems have been developed for hand rehabilitation. Such
a device requires particularly careful design in terms of both its anthropometric
size and weight; a system designed for an adult cannot simply be scaled down in size.
Also, its user interface must be simple enough for a child to use. In addition, few
studies have investigated the usability of at-home robotic rehabilitation devices or
the feasibility of integrating rehabilitation robotics into a home therapy program.
Given the incidence of pediatric stroke, traumatic brain injury, CP, and other disorders, it
follows that a pediatric robotic rehabilitation system for the clinic and home would be
highly beneficial.

The long-term goal of this research is to determine the effectiveness of robot-assisted
therapy to augment pediatric motor learning and recovery using a wearable robotic
orthosis. The opposable thumb is critical for grasping and manipulating objects and
is responsible for 40 percent of hand function (Carlson et al., 2006). For this reason we
focussed first on developing a system that assists and rehabilitates the thumb,
specifically the CMC and MCP joints, which are required for opposition grasp.

The aim of this paper is to present the design specifications, electrical and
mechanical components, linear force and joint torque characteristics, and control
methodologies for an isolated orthosis for thumb actuation (IOTA). IOTA (Figure 1)
is a pediatric robotic thumb exoskeleton for at-home rehabilitation. Unlike many
traditional exoskeletons, the IOTA device was designed specifically for children
between the ages of eight and 12 to facilitate actuation of the CMC and MCP joints of
the thumb. The device was designed to be used within a home setting while
performing natural tasks, making portability, and ease of use paramount design
considerations. In addition, IOTA does not obstruct the palmar region of the hand
so it has the potential to be used during everyday activities, thus extending usage
beyond virtual reality environments.

2. Device specifications
The mean adult flexion-extension range of motion of the CMC and MCP joints
have been reported to be 52.91 (Cooney et al., 1981) and 1101 (Yoshida et al., 2003),
respectively. The CMC has a mean adduction-abduction range of motion of 42.41
(Cooney et al., 1981) while the MCP functions mostly as a flexion-extension hinge
joint (Yoshida et al., 2003) (Figure 2). From these data and from professional experience,
601 of rotation for the CMC and MCP joints was assumed to be a reasonable
functional range of motion. Here we restrict CMC range of motion to only permit
palmar abduction/adduction, thus restricting the ability to perform circumduction.
Anthropometric sizing for the device was determined through pediatric databases
(Snyder et al., 1977). Our key measures of interest from the pediatric population were
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1 – Tip of thumb to 1st MCP joint

(a) (b)

(c)
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2 – Diameter of the thumb

3 – Hand breadth

5 – Middle finger length

Source: Adapted from Hoppenfeld and Hutton (1976)

4 – Hand length

Figure 2.
A diagram of (a) flexion of
the metacarpophalangeal
(MCP) joint; (b) abduction
of the carpometacarpal
(CMC) joint; and
(c) the anthropometric
measures of the thumb

Figure 1.
The Isolated Orthosis for
Thumb Actuation (IOTA)
is a 2-DOF exoskeleton
for clinical and at home
pediatric thumb
rehabilitation
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the thumb length, the thumb diameter, the palm length, and the hand breadth (Figure 2
and Table I). From these data, the IOTAwas designed to allow the above stated 601 of
CMC and MCP range of motion and fit children aged eight to 12 with the anthropometric
measures of Table I.
A recent study performed by the authors examined the torque needed to passively
abduct the thumb at the CMC joint in children with a diagnosis of hemiplegia or stroke.
In this study, a passive modified wrist orthosis was fabricated with an adjustable
thumb joint which could be placed over the CMC joint. The torque required to
maximally abduct the thumb was recorded with a torque sensor. Preliminary results
from this study indicated that the maximum and mean applied torques to reach
maximum abduction in the affected side were 0.486 N �m and 0.16470.097 N �m.
These data were used to specify the torque requirements for the IOTA system (Table I).

IOTA was designed to be lightweight so that children could wear the device while
performing standard daily activities without being cumbersome. The target weight to
be worn on the hand was specified to be o0.450 kg (approximately 40 percent of the
combined weight of a seven year old child’s hand, forearm and arm) (Table I). In order
to facilitate use in a home setting, the device was specified to be compact, lightweight,
and portable so that it could be easily carried by a parent and be deployable on a home
table or desk (Figure 1). The initial design allowed for a control box on a table, with the
intent to minimize the electronics in future versions so that the control box could be
mounted to an arm or waist belt.

3. Electromechanical design and implementation
3.1 Mechanical design
The actuated orthotic component of the IOTA is composed of two parts; a semi-disposable
patient-specific glove and a robotic exoskeleton that mounts to the glove. The glove is
fitted to an individual subject’s hand, and the exoskeleton can be adjusted to fit the
full range of hand sizes specified (Figure 3). The glove is made of lycra fabric, delrin,
and annealed aluminum alloy 1100 which is covered with a thin layer of soft neoprene
rubber. The 1100 alloy aluminum is soft enough to be manually molded to the
dorsum of an individual’s hand by a therapist and has a flexible tab that extends
around the first metacarpal toward the palm to secure the dorsal plate to the hand.

Requirement
Characteristic Target Actual

CMC range of motion 601 671
MCP range of motion 601 671
Hand mounted weight (kg) 0.45 0.23
Control box size Table top 25.0 � 15.8 � 7.5 cm
Portability Carried by one hand Fits into brief case
Battery life (min) 45 4160
Fit thumb lengths (cm) 4.0-6.4 4.0-6.4
Fit thumb diameters (mm) 14-16 10-16
Fit hand breadths 5.7-8.1 4.4-8.1
Fit children aged 8-12 8-12
Maximum torque for abduction (N �m) 0.486 0.384
Mean torque for max abduction (N �m) 0.164 0.103-0.384a

Note: aThe available torque at maximum abduction will depend on the patient specific range of motion

Table I.
IOTA device
specifications

237

Robotic thumb
exoskeleton
for at-home

rehabilitation



A 0.75mm delrin sheet extends from the aluminum dorsal plate proximally over the
wrist and forearm and is secured with a Velcro strap proximal to the head of the ulna.
The glove provides a stable base from which the exoskeleton can exert forces on the
thumb, while allowing the subject to retain significant flexibility of the wrist
and fingers (Figures 3 and 4). The delrin forearm plate also houses a 0.22mm
thick � 5.08 cm long bend sensor (Flexpoint Sensor Systems Inc., Draper, UT, USA)
which extends across the wrist joint to measure flexion/extension (Figure 4).
Measurement of wrist flexion/extension allows the device to simulate the tenodesis
effect whereby wrist extension adducts the CMC and flexes the MCP joint and wrist
flexion abducts CMC and extends MCP.

In order to minimize the weight on the subject’s hand, the actuators for the CMC and
MCP joints are located off-board of the orthotic and reside inside the control box.
Actuation of the joints is achieved by two servos and two spring-return cable
transmissions that connect to the orthotic. To actuate the CMC and MCP joints, the
servos use internal encoders to determine servo angle. Optical encoders integrated

Patient-specific glove

Robotic exoskeleton

Figure 3.
A CAD rendering
of the hand mounted
components of the IOTA
system including the
actuated robotic
thumb exoskeleton
and a patient-specific
dorsal glove

Bend sensor
Metacarpophalangeal

joint encoder

Carpometacarpal

joint encoder

Carpometacarpal

abduction/adduction

pin joint
Metacarpophalangeal

flexion/extension

pin joint

Unobstucted palm

Notes: The exoskeleton has pin joints for the carpometacarpal and metacarpophalangeal

joints and two encoders to measure angular rotation about those two joints. The degree

of CMC circumduction can be set by an Occupational Therapist by the molded

configuration of the aluminum

Figure 4.
The aluminum and delrin
on the dorsal glove
provide a stable platform
to which the exoskeleton
device is mounted and
houses a bend sensor used
to measure wrist flexion/
extension
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into the exoskeleton provide additional direct measurement of the CMC and MCP joint
angles as well as estimations of cable position. The cable transmissions, sensor power
supplies, and sensor signals are connected to the orthotic from the control box via a
wire bundle (Figure 4).

3.2 Electromechanical design
An Arduino Mega 2560 (http://arduino.cc) was chosen as the microcontroller for the
IOTA. A Cytron G15 shield (Cytron Technologies Sdn., Johor, Malaysia) is used with
the Arduino board and controls the servo motors via half duplex serial communication.
Dynamixel AX-12A servo motors (Robotis Inc., Seoul, Korea) were selected as they met
the torque, speed, size, and weight requirements for the given application. The Dynamixel
servos are connected in a daisy chain fashion and controlled by the serial packets sent
from the Cytron shield via the communication bus. Each AX-12A servo has an internal
angular position sensor with a resolution of 0.291 (3001/1,024 levels) (Figure 5).

The integrated wrist bend sensor changes resistance with sensor curvature.
The bend sensor is connected to a voltage divider circuit with a potentiometer tuned to
its base resistance. A two stage operational amplifier (Op-amp) with an adjustable gain
ranging from 1.0 to 10.0 is used to amplify the output of the voltage divider circuit.
The bend sensor produces a change in resistance of approximately 125 /1. The output

Bend sensor

shield

Internal electronics

Servo shield

Arduino Mega microcontroller

Emergency stop

Serial servos

Carpometacarpal and

metacarpophalangeal joint

control toggle switches

LCD display

Enter & cancel

button

Select knob

Notes: Momentary toggle switches, a knob and a 4x20 LCD display allow the user to control

the exoskeleton joints and navigate through the different IOTA modes of operation. The

Arduino Mega 2560 microcontroller based board connects to a Cytron G15 serov shield

which communicates with the Dyamixel AX12-A servo motors via a half-duplex single line

serial protocol. The servos have internal potentiometer position sensors

Figure 5.
The portable

control box measuring
25.0 cm � 15.8 cm �

7.5 cm houses the Arduino
Mega microcontroller

board and servos
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of the Op-amp circuit is connected to the ten-bit A/D converter on the Arduino Mega
and is proportional to wrist flexion/extension angle (Figure 6).

Three momentary toggle switches and a rotary knob on the control box are used
to navigate through a menu system for setting the appropriate control modes
and therapy routines and for manual control of the exoskeleton. The function of the
buttons changes depending on the mode of operation. A 4 � 20 LCD presents the
navigable menu system to the user and displays messages and instructions when
necessary. An emergency stop button immediately halts servo motion if pressed
(Figures 1, 5, and 6).

3.3 Control system design
Immediately after turning on the device, a calibration protocol is performed to set
user-dependent safety limits for the CMC and MCP range of motion and to obtain the
wrist range of motion. When the child is with the therapist, the interaction with the
device is performed as a collaboration between the child and therapist, with level of
child interaction depending on the child’s age and attentional resources. In an at-home
setting, the calibration would be performed by a parent in collaboration with a child.
Operationally, a parent would be trained on how to use the device with the therapist
prior to having a device available in the home environment. This strategy is common
with pediatric medical devices. To set the CMC and MCP range of motion limits, the
adult-child team uses the toggle switches to manually actuate the CMC and MCP joints
to the maximally adducted and flexed position, respectively, and then into a maximally
abducted and extended position. The thumb, index, and pinky fingers are color coded
on the exoskeletal glove to match the calibration instruction sheet, which shows
pictures of the calibration positions to simplify this task for the child. For example, to
depict the motion toward the adducted and flexed position the instruction sheet shows
the thumb (colored blue) moving toward the index and pinky fingers (in green and red,
respectively). These colors also match the toggle switches, where green represents
CMC motion toward and away from the index finger and red represents MCP motion
toward and away from the pinky. The CMC and MCP angles achieved during this
procedure are stored in the device as the range of motion limits. The wrist range of
motion is then recorded by asking the participant to perform a maximally flexed and
then maximally extended wrist motion. After the calibration procedure is completed
the user can select one of the control modes.

We initially developed four controllers that provided differing levels of direct user
interaction – manual control (manual mode), automated motion assist (cyclic mode
with teach and learn mode), and two controllers that provided a kinematic based
user-activated motion (wrist control mode and functional assist mode). In the
development of the first set of controllers, we specifically excluded user intent decision

CMC Switch

MCP Switch

Enter Switch

Rotary Knob

Arduino

Mega 2560

LCD

×10

Emergency Stop

Voltage Divider

Circuit

Cytron G15

Shield

Serial Packets

{010011101....}

CMC Servo MCP Servo

Wrist Bend

Sensor

Figure 6.
Schematic of the
electromechanical system
depicting data flow of the
wrist bend sensor,
Dynamixel AX-12A servo
motors, and navigation
subsystems
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making via neural or muscular signals. However, these techniques are currently an
area of active investigation (e.g. electromyography signals include: Saponas et al.,
2008); Khokhar et al., 2010); Micera et al., 2010; Ambrosini et al., 2011; and
electroencephalography signals include: Tillery et al., 2003; Broetz et al., 2010; Ortner
et al., 2011). While these methods have great potential for an exoskeleton control
framework that may require lower mental loads on the user, there is still significant
work to be done on developing these electrophysiological signal techniques such
that they are robust enough in an at-home setting for functionally relevant tasks in a
pediatric population. Thus, the controllers initially integrated permit the evaluation of
system interaction using robust kinematic sensing and would allow at-home testing
for functionally relevant tasks in an initial pilot study. The following subsections
describe these control modes.

3.3.1 Manual control mode. In manual control mode, the toggle switches located
below the LCD screen on the control box are used to flex/extend and adduct/abduct the
MCP and CMC joints. The joints can be actuated individually or simultaneously.
The speed of actuation (1/s) is set by the user’s selection of slow, medium, or fast and is
controlled by a built-in speed control loop in the servo. If the user tries to manually
actuate the CMC or MCP joint to a position beyond the specified range of motion limit
the software will stop the servo motors to prevent injury to the user.

3.3.2 Teach and learn mode. The purpose of the teach and learn mode is to record
therapist-assisted thumb motion for later playback. Here the occupational therapist
manually moves a patient’s thumb through a range of motion while the patient is
wearing the exoskeleton. For the therapist to manipulate the thumb freely, the device
must be as mechanically transparent to the wearer as possible. This means the servo
motors must respond to motions generated by the therapist to permit an appropriate
cable tension (Figure 7). Insufficient cable slack prevents motion and too much
slack may cause the cable to become dislodged from its guide, thus disrupting the
transmission of torque to the exoskeletal joint. This scheme can be thought of as a

Direction

of Motion

Servo

CMC Joint

Encoder

External Force

from Therapist

θ

ϕ

Notes: With no external force the cabling is relaxed and no servo motion is necessary for

slack compensation. When an external joint displacement (flexion or extension) occurs, the

encoder alerts the system that the amount of slack has changed. The servo motor then

compensates for this change in slack amount by increasing or decreasing its angular position

in turn adjusting the available cable length which facilitates movement to the desired

joint position

Figure 7.
Gross system motion is

shown for the CMC joint in
two different stages, no

external force represented
by dashed lines and a
thumb extension force
shown with solid lines
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cable slack regulator, whereby a proportional controller is used to maintain a specified
length of cable slack in the cable driven joints. If the patient’s thumb is moved by the
therapist so as to tighten the cable, then the servo will rotate to loosen the cable.
Similarly, if the patient’s thumb is moved so as to loosen the cable, as seen in Figure 7,
then the servo will rotate to compensate for the additional slack and tension the cable
system. The system follows the joint motion imposed by the therapist by maintaining
a fixed small amount of slack, corresponding to a 101 difference between servo and
joint angular positions, within each joint. These internal positions are updated every
200 milliseconds to respond to therapist motion. A proportional controller regulates
the cable slack by monitoring the difference (d) between the MCP and CMC servo
angular positions (jMCP1 and jCMC1), as measured by the servo encoders, and the
MCP and CMC joint positions (yMCP and yCMC), as measured by the joint encoders,
Equations (1) and (2):

dMCP ¼ jMCP � yMCP; ð1Þ

dCMC ¼ jCMC � yCMC: ð2Þ

If dMCP (or dCMC) is greater than a small positive threshold (d11) then the therapist has
applied a flexion force on the patient’s thumb in a manner so as to decreased yMCP

(or yCMC) and the servo should rotate to decrease jMCP (or jCMC). If dMCP (or dCMC) is
less than a small negative threshold (�d11) then the therapist is applying an extension
force on the patient’s thumb in a manner so as to increase yMCP (or yCMC) and the servo
should rotate to increase jMCP (or jCMC) (Figures 7 and 8). After manipulation, the
maximum and minimum MCP and CMC joint angles are recorded and saved for later
playback within the cyclic control mode. The new maximum and minimum angles can
be related to therapy exercises or functional tasks, for example twisting off different
sized caps from drinking bottles, in which having a singular calibrated maximum
or minimum would be limiting. Future implementations may save the joint trajectories
for more complex motions.

Target

Slack (°)

Cable

Slack (°)

ServoG
Servo Pos. (°

)

Pos. C
MDs (∆

°)

Thumb Pos. (°
)

Servo

Encoder

Eq. 1, 2

Joint

Encoder

Thumb

Pos. (θ)

Cable

Transmission

External Force

From Therapist

Thumb Joint

Servo

Pos. (ϕ)
ϕ

θ

Proportional

Control Gain

Error (°)
+

+

+
+

–

–

Notes: A constant amount of slack is maintained on the transmission cable by comparing

the servo position to the thumb joint positions. The error signal between the target slack

and the actual slack is sent as a delta position command to the servo motors. The system

updates every 200 miliseconds in order to track and respond to the motion of the therapist

Figure 8.
A cable slack regulator
with proportional
feedback control is used to
make the exoskeleton
sytem mechanically
transparent during the
teach and learn mode
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3.3.3 Cyclic control mode. Cyclic control mode allows a pre-set trajectory for the CMC
and MCP joints to be repeated a set number of times. The nominal trajectory moves the
CMC and MCP joints through their full range of motion. The joints are actuated
simultaneously at a speed of slow, medium, or fast as specified by the user until they
reach their range of motion limit and then they are actuated in the opposite direction
until the other end range of motion is reached. This cycle is then repeated
a certain number of times based on the user selection. Additional trajectories can be
created using teach and learn mode and implemented in cyclic control mode.

3.3.4 Wrist control mode. Wrist control mode utilizes the bend sensor mounted
across the wrist to provide a signal that can modulate the CMC and MCP thumb joint
angles. In healthy individuals, as the wrist is moved from flexion to extension, there is
a natural synergy called the tenodesis effect that causes finger flexion (Su et al., 2005).
Patients with poor grasp control often exploit the tenodesis effect by extending their
wrist when they need assistance with finger flexion; thus we believe such a control
strategy will be intuitive for them. As the wrist is flexed the servo motors actuate so as
to extend the MCP and abduct the CMC. Similarly, if the user extends her or his wrist
then the IOTAwill actuate to flex the MCP and adduct the CMC. In all cases the CMC
and MCP joints are actuated at a constant speed specified by the user until a range of
motion limit is reached.

3.3.5 Functional assistance mode. The functional assistance mode seeks to anticipate
the desired motion of the user and then assists with that motion. The target patient
population for this system typically has some volitional control of their thumb but lacks
the necessary strength or persistent coordination to perform functionally useful tasks.
In this scenario, the functional assistance mode will be helpful as it augments the
volitional motion. Thus, a small initial motion by the user generates a larger response
motion. In the functional assistance mode the system continuously monitors the
orientation of the patient’s thumb. If the patient performs a small weak MCP extension,
greater than a minimum threshold value and either maintains that position or begins
flexion, the servos will actuate the MCP and CMC joints to the maximum range of
motion. Once the MCP and CMC joints are rotated to their maximum positions they are
held there momentarily and then released back into their flexed and adducted poses.
This hold time is configurable by the user. This mode permits adaptation with recovery,
as the minimum threshold can be modified to encourage additional motion prior to
assistance. Further, assistance is only provided when the user no longer can attain
increased MCP extension. Thus, if the user is able to perform the motion, the system
will not provide assistance.

4. Device characterization
When evaluating how a device can improve patient functionality, it is important to
first have a quantitative understanding of the system capabilities. If system efficacy is
not observed, these data then permit the ability to distinguish if this may be due to a
hardware issue (requirement of larger forces) or a controller issue (forces are sufficient, but
perhaps they are not provided appropriately). For these characterizations, we specifically
focus on measurements of force and torque, assuming that movements are slow.

The selection of a cable driven system permitted the IOTA to have minimal mass
on the hand, while still using off-the-shelf servo motor actuators. The cable-drive
transmission consists of stranded wire surrounded by a protective tubing, which
interact to generate frictional losses. The efficiency of the transmission determines the
output torque at the exoskeletal joints that can assist the wearer. To quantify these
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transmission losses, and thus system efficiency, a linear force measurement was
performed with a Futek load cell (Futek Inc., Irvine, CA; model No. FSH00103) and
IHH500 measurement device (model No. FSH03571). We evaluated the effect of
transmission length and overall orientation (i.e. straight, coiled, or twisted) as both
contribute to reduced maximum output force in the system. Three different orientation
configurations were used to characterize the effect of transmission orientation, which
are relevant for clinical operational use.

In addition to the cable transmission losses characterized through the linear force
testing, there is also the possibility of additional mechanical losses in the system.
Thus, experiments were performed to measure the direct torque applied to the MCP
and CMC joints for a range of joint orientations. As the torsional spring should have
a linear response in the device operational region, it was hypothesized that torque
measurements would be similar between joint orientations for each joint.

4.1 Linear force characterization
4.1.1 Methodology. The expected output torque of an AX-12A servo driven at the IOTA
system voltage of 7.4 V is approximately 1.18 N �m (Robotis Dynamixel AX-12 User’s
Manual). For this characterization, a Futek load cell with a maximum measurement
capacity of 22.2N was used to measure the force at the end of different cable transmission
lengths and orientations. A custom servo cable horn (with moment arm of 0.064m) was
designed for characterization so that the maximum expected output force of 18.51N could
be measured. The standard IOTA horn (with moment arm of 0.011m) would have
generated a maximum expected output force of 107.27N.

The test rig for this experiment was designed to accommodate all transmission
cable configurations (Figure 9). The IOTA system and transmission cable made up one
end of the test rig. At the other end of the rig, the Futek load cell was mounted to 80-20
construction rails and a wire adapter to measure forces in tension. These test rig ends
were designed so that the attachment points were collinear, thus preventing any off
axis loading error during testing. A second adapter was created to hold the tubing

Futek-to-wire

Adapter

Tubing

Adapter

Wiring

Futek Load Cell

Tubing
IOTA Control

Box

Notes: The Futek-to-wire adapter allows for the wiring to be

attached to the Futek for measurement. Both the Futek-to-wire

and tubing adapter decrease off-axis loading error in the system.

Wire lengths were taken as the distance from the Futek-to-wire

adapter to the control box

Figure 9.
The linear force test was
comprised of a Futek load
cell, a Futek-to-wire
adapter fixture, a tubing
holder, and the IOTA
control box
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making the test rig resemble the cable layout between the control box and the
exoskeleton of the IOTA system. This design allows the cable to freely move
throughout the fixed tubing. Using this system, we tested lengths of 2 in., 3, 5, 10, and
15 ft (0.05, 0.91, 1.52, 3.05, and 4.57m) in straight-lined, coiled, and twisted positions.
A coiled position was defined as having a 4 in. (0.10m) diameter loop within an
otherwise straight lined cable transmission. The twisted orientation was when one end
of the test rig was horizontally turned clockwise four times before testing commenced,
creating twists within the cable.

Data were recorded using the Futek load cell and measurement device with
Futek Sensit software. For all testing combinations, eight trials were performed for 15
seconds each at a sampling rate of 10Hz. Data were exported to Matlab (Mathworks,
Natick, MA) for post-processing. The output variable of interest was the average
sustained linear force of each trial for each testing configuration. Steady state was
defined for each trial as when the data maintained a value within 5 percent of the mean
linear force between the derivative’s inflection points (Figure 10). Time to steady state
was then defined as the first time after recording started that each data set reached this
criterion. The mean of the force three seconds after steady state was reached was
defined as the sustained linear force. Trials were then averaged together based on their
length/position combination and a standard deviation between trials was performed.

4.1.2 Results. Summary of linear force testing results are provided in Table II.
When operating at 7.4V, the maximum sustained force exhibited by the system occurred
at the shortest cable transmission length (2 in./0.05m) and was 8.14070.623N
(0.517N �m for this configuration), which is a 44 percent efficiency from the available
servo torque. When the orientation of the cable was straight, sustained linear force
efficiency ranged from 13 to 44 percent. The coiled and twisted orientations were found
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Steady State Initialized
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e
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Notes: The point of steady state initialization was found by initially normalizing by the first

three seconds of the data set then taking the derivative of that normalized data. The point at

which an inflection point occurred in the derivative marked where averaging of the

normalized data would begin and end. The point of steady state was then marked at the first

occurrence where the data were within 5 percent of this average

Figure 10.
Sample of post-processed

linear force
characterization data
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to have efficiencies ranging from 1 to 33 percent. The greatest losses were found for a 15 ft
(4.57m) length cable with a coiled orientation.

4.2 Joint torque characterization
4.2.1 Methodology. For this characterization, a MULTITORQ torque sensor (CDI Corp.,
Philadelphia, PA, model No. 101-I-MT) with a maximum measurement capacity of
1.130 N �m was used to measure the output torque applied at the CMC and MCP joints,
individually. For these measurements, the nominal system design with a 5 ft (1.52m)
transmission cable was used. As the linear force characterization found this
configuration generated 0.43870.022 N �m, no changes were needed to the nominal
system for these characterization measurements with the sensor implemented.

The test rig for this experiment (Figure 11) was designed to hold the torque sensor’s
housing and the IOTA exoskeleton static while the torque sensor and exoskeletal joint
were free to move. The torque sensor was mounted on one side of a 1-in. 80-20
construction rail while the exoskeletonwas mounted on the other side. The rig required
the design and 3D printing of connector “caps.” These caps were designed to snap
or screw onto the existing exoskeleton to permit usage of the torque sensor to measure

Torque Sensor Display

Torque Sensor

IOTA

Joint

Notes: The cross-hatched components of the figures denote pieces

of the test rig which were mounted to a vertical 80-20 construction

rail (not shown) to hold the components static during the

experiment. These static portions ensured that the only torque

being measured was at the IOTA joint. The diagonaled

component marks the connection cap and joint pieces which were

free to move to report a torque

Figure 11.
The joint torque
characterization used a
torque sensor and a
customized connection cap
with a hole located directly
over the exoskeletal joint
where the sensor was
inserted

2 in./0.05m (N) 3 ft/0.91m (N) 5 ft/1.52m (N) 10 ft/3.05m (N) 15 ft/4.57m (N)

Straight 8.14070.623 5.21170.464 6.89170.340 2.40770.401 2.84170.241
1 Coil (4 in. diameter) – 2.08870.154 3.06470.293 0.18870.157 0.12970.024
Twisted (4 twists) – 3.52470.263 6.21870.130 2.63770.068 1.24270.621

Table II.
Linear force study results
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the torque directly at the joint. The cap had a hole located over the joint where
the torque sensor was inserted. Separate caps were designed for the CMC and MCP
exoskeleton geometries.

The IOTA encoder reference frame defines a fully closed orientation as 01
and a fully open position as 671 (Figure 12). Note that closed is when the centerline
of the cap geometry is parallel to the vertical 80-20 construction rail and open
is denoted as 671 counterclockwise from the closed position. Five orientations
across this range were selected for making measurements (01, 171, 331, 501, and
671). The maximum torque was defined as the torque measured when the AX-12
motor stalled. The IOTA system actively assists opening but relies on a spring
located at the exoskeletal joint for the closing motion. Thus, characterizations
were obtained for the opening motion to understand the joint torque provided only
by IOTA’s motor assist. Eight trials were recorded for each orientation for both the
CMC and MCP joints.

4.2.2 Results. Means and standard deviations were calculated for each orientation
for the CMC and MCP joints (Table III). No torques were registered for measurements
made at a starting position of 671 since the servo could not mechanically move any
further, thus these values are not presented and are not included in the analysis.
Separate Pearson product-moment correlation coefficients were computed in Matlab

Connector Cap and

Joint Encoder at

0°

Connector Cap and

Joint Encoder at

67°

CMC Joint

Location

CMC Joint

Location

(a) (b)

Notes: The cross-hatched component were held static during testing while the diagonaled

component moved which allowed torque measurement to be taken for only the torque at

the specified joint

Figure 12.
(a) Shows the CMC

exoskeleton joint in a 01
fully closed position; and
(b) shows that same joint

moved into a 671 fully
open position

01 (N �m) 171 (N �m) 331 (N �m) 501(N �m) Overall average (N �m)

MCP 0.12470.006 0.08370.013 0.06170.008 0.04370.017 0.07870.005
CMC 0.38470.039 0.32070.031 0.27370.041 0.10370.013 0.27070.013

Note: Measurements were made from the most closed position (01, 171, 331, or 501) to an open position
at 671. Values are the presented as the mean and standard deviation of the measured torque

Table III.
Joint torque

characterization summary

247

Robotic thumb
exoskeleton
for at-home

rehabilitation



(Mathworks, Natick, MA) to assess the relationship between joint orientation and
measured torque for the CMC and MCP. There was a negative correlation between
the two variables for both the CMC (r¼�0.918, po0.001) and MCP (r¼�0.921,
po0.001).

5. Discussion and future work
This paper presented the design specifications, electrical and mechanical components,
linear force and joint torque characteristics, and initial control methodologies for
the IOTA, an at-home grasping rehabilitation device for a pediatric population.
The specifications for IOTA were based on pediatric anthropometric data so that
children aged eight to 12 could use the device. The control modes for IOTA were
designed to span simple specified movements to those that provide a kinematic
user-activated assistance during grasping and object manipulation.

Through the characterization tests, we found that the IOTA system in the nominal
configuration of 5 ft (1.52m) straight cable had an efficiency of 37 percent with respect
to the servo specifications. As would be expected, these efficiencies decreased when
coils or twists were introduced into the cable transmission orientation. This highlights
that when designing such systems care should be taken to ensure that cables are not
overly constrained during operational use of the system.

We anticipated that the CMC and MCP torque would be largely independent of
orientation since the magnitude of the servo output torque is large in comparison to the
variation in the torsional spring torque. However, frictional losses in the transmission
between the servos and the exoskeleton joints resulted in a significant negative
correlation between the joint orientation and the measured torque. Thus the available
torque when the hand is open is less than when the hand is closed. This is opposite of
the previous human studies, which found that participants required greater torques
when the CMC joint angle increased. In the nominal configuration, the device produced
an average torque of 0.27070.0.013 N �m and 0.07870.005 N �m at the CMC and MCP
joints, respectively. The maximum sustained torque that could be delivered was within
6 percent of maximum required torque found experimentally to passively reach thumb
abduction by the study population and is able to provide the average torques found
experimentally. The required system torques depend on the level of individual muscle
contracture and the device presented here would meet the needs of the patients in this
previous study.

While IOTAwas specifically designed for House Class II patients, it could easily be
adapted to other patients with increased muscle contractures by selecting larger
actuators for the control box. As currently designed, the system is more appropriate for
patients with limited control, as opposed to strong contractures. There are also several
ways the system could be adapted to have the torque become more independent of
exoskeleton joint orientation. One method would be to use a lower stiffness torsional
spring with a greater preload.

In the long term, we aim to investigate the efficacy of an occupational therapy
home exercise program based on a portable pediatric robotic system. To this end,
we have an ongoing pilot study which aims to demonstrate that the IOTA can
effectively facilitate a patient’s ability to perform relevant functional evaluation tasks
(i.e. box and block and nine-hole peg tasks) and demonstrate the ability to extend
standard occupational therapy rehabilitation. Initial studies focus on functional
measures of performance, while future studies will examine structural measures
of rehabilitation.
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6. Conclusion
The IOTA is an exoskeleton for assisting thumb motions in a pediatric population.
The IOTA has the potential to provide increased freedom and independence for
children with thumb-in-palm deformity. The device also has the potential to assist
functionality and somatosensory learning, thus improving motor control without the
device. We envision this device enhancing in-clinic and at-home therapy in addition to
being a critical component of a telerehabilitation protocol for a pediatric population.
In the current work, we addressed the design and test-bench evaluation of the
IOTA. Future work will include device improvements (e.g. miniaturization of
hardware and electronic components), integration of control algorithms relying on
electrophysiological signals, and longitudinal human studies to evaluate functional
rehabilitation and structural changes in the brain that occur with the use of robotic
rehabilitation.
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