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Abstract

Chronic hand impairment is common following stroke. This paper presents an actuated thumb
exoskeleton (ATX) to facilitate research in examining motor control and hand rehabilitation. The
ATX presented in this work aims to provide independent bi-directional actuation in each of the 5
degrees-of-freedom (DOF) of the thumb using a novel flexible shaft based mechanism that has 5
active DOF and 3 passive DOF. A prototype has been built and experiments have been conducted
to measure the allowable workspace at the thumb and evaluate the kinematic and kinetic
performance of the ATX. The experimental results show that the ATX is able to provide individual
actuation at all 5 thumb joints with high joint velocity and torque capacities. Further improvement
and future work are discussed.
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1 Introduction

The thumb is one of the distinguishing features of human physiology. Its motion permits
opposition with each of the fingers, thereby enabling the production of precise grasping and
pinching forces crucial to object manipulation. Characteristics of thumb neuromechanics
emphasize the importance of the thumb, relative even to the other digits. For example, the
thumb has more independent DOF than any other digit [1]. While the four fingers are
actuated by multiple tendons arising from common muscles such as flexor digitorum
profundus and superficialis, all of the muscles actuating on the thumb have origins
independent from the other digits. Compared to the other digits, the thumb also has
disproportionately large cortical representation, both in motor cortex [2] and sensory cortex
[3], thereby contributing to its superior precision of proprioception [4] and independence of
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movement [5]. The thumb can also generate the strongest forces of any of the digits [6]. Not
surprisingly, the thumb is involved in more than 50% of hand functions [7].

Unfortunately, the thumb is often impaired following neurological injury, such as stroke. Up
to 795,000 people in the U.S. experience a stroke each year [8], thereby resulting in a current
stroke population of 7 million [8-10]. Chronic hemiparesis is a common outcome, especially
in the hand [11], and in particular the thumb [12]. Sensorimotor impairment of the hand and
thumb can profoundly impact quality of life.

However, thumb impairment mechanisms following stroke are not well understood. Precise
examination of motor control of the thumb is challenging due to its large number of
actuating muscles and its non-orthogonal, non-intersecting rotational axes [13, 14]. Thumb
involvement may differ from that of the fingers, in terms of relative strength deficits [6] and
reflex abnormalities [15], for example.

These challenges and the limited understanding of thumb neuromechanics in general have
resulted in less focus on facilitation of thumb rehabilitation despite its functional
importance. While a number of robotic devices have been developed to assist with
rehabilitation of the arm, e.g., MIT-MANUS [16], Arm Guide [17], ARMEO [18], ARMin
[19] and L-EXOS [20] and the fingers, e.g., Hand Mentor (Kinetic Muscles Inc., Tempe,
AZ), the Amadeo System (Tyromotion GmbH, Graz, Austria) and HandCare [21], far fewer
focus on the unique movements of the thumb. Those that do, such as HWARD [22],
HEXORR [23], and the Gifu University exoskeleton [24], target a limited number of its
DOF and with a limited capacity. Thus, key questions pertaining to rehabilitation of thumb
motor control, including which and how many DOF to manipulate, which type of control to
use (e.g., position, impedance), and whether to diminish or augment movement error [25],
remain unclear.

A device capable of independently controlling each DOF of the thumb and of providing
measurement of the corresponding joint angles and torques would greatly facilitate research
on thumb rehabilitation. This device should match the rotational axes of the DOF of the
thumb and span the realizable workspace of the digit. Sufficient power is needed at each
DOF to fully characterize motor control and deficits in torque production at a range of
rotational velocities [26].

Thus, in this work, we present the design and prototype development of an actuated thumb
exoskeleton (AT X) that uses flexible shafts for motion and torque transmission. The ATX
addresses the difficult problem of providing individual actuation at each thumb joint with the
high joint torque and speed capacities necessary for rehabilitation research. The transmission
through flexible shafts allows the actuator to be placed remotely from the exoskeleton,
reduces weight carried by the user, and thus offers good backdrivability and permits the
natural motion of the thumb. The flexible shaft is capable of transmitting bi-directional
motion and torque while the profile of the shaft is flexible to accommodate motion in all 3
dimensions. This novel design has not been explored to our knowledge. With its capability
in closed loop control, the ATX has the potential to facilitate the implementation of various
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rehabilitation strategies and motor control studies within a single platform. The performance
testing results demonstrated the merits of this new design.

This paper is organized as follows: Sections Il and 111 introduce the design requirements of
the ATX and then the design of the exoskeleton, respectively. The kinematic analysis is
presented in Section 1V, which is followed by an analysis on flexible shaft transmission in
Section V. Section VI presents the results of the allowable workspace measurement, along
with kinematic and kinetic performance tests, and Section VII discusses the ATX design and
experimental results. Finally, findings of the paper and future research directions are
summarized in Section VIII.

2 Design Requirements

In order to determine the design specifications of the proposed thumb exoskeleton, we first
present a brief discussion on the capabilities of the human thumb, in terms of range of
motion, velocity of movement, and joint torque generation.

2.1 Independent Actuation of Each Thumb DOF

Motion of the thumb is generally described with 5 DOF [1, 13, 14, 27] arising from the
carpometacarpal (CMC), metacarpophalangeal (MCP) and interphalangeal (IP) joints. The 5
DOF have been modeled by: flexion/extension (F/E) followed by abduction/adduction
(Ab/Ad) of the CMC joint; Ab/Ad followed by F/E of the MCP joint; and F/E of the IP joint
(Fig. 1). The axes of rotation for these DOF, however, are thought to be non-orthogonal and
non-intersecting [1, 13, 14]. Indeed, these features are crucial to thumb functionality as they
produce the axial rotation which enables opposition of the thumb with the fingertips. The
anatomy-based kinematic model of the thumb has been converted into a robotics-based
description with the standard Denavit-Hartenberg (D-H) parameters in [27]; thus, it is
possible to approximate thumb kinematics using an exoskeleton with hinged linkages.

Unlike current exoskeleton designs, the ATX is designed to provide independent control of
each of these DOF. Moreover, the axes of rotation mirror those of the thumb itself, thereby
allowing natural movement of the thumb.

2.2 Joint Range of Motion

In physiological systems, joint rotation is limited. For the thumb, the range of permissible
motion varies across the DOF. Table 1 lists comparative data from three different
researchers, quantifying the range of motion in the different thumb joints. It should be noted
that the ranges reported in Table 1 can vary considerably from one study to another. These
differences may arise from the geometry of the thumbs tested, or variations in measurement
methods. In the ATX design, the goal is to maximize the potential thumb workspace inside
the exoskeleton by enabling ranges of motion similar to those listed in Table 1.

2.3 Joint Velocity Capacity

Angular velocity of the thumb tip can exceed 1000°/s [31]. Accordingly, in our design we
sought to achieve this thumb-tip velocity of 1000°/s. The capability to produce high speed
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motion is necessary for the application to practical thumb manipulation tasks and to the
study of power deficits. Indeed, it has been shown in the fingers that relative torque deficits
may increase at higher rotational velocities [32].

2.4 Joint Torque Capacity

A recent study assessed the maximum thumb-tip forces of stroke survivors with severe or
moderate hand impairment and in age-matched subjects with no neurological deficits [6].
The maximum active isometric thumb-tip forces that could be produced were recorded for
each of 6 intended directions: distal, proximal, adduction, abduction, flexion, extension.
Using one of the Denavit-Hartenberg (D-H) parameter sets proposed for the thumb [27], we
converted the isometric thumb-tip forces into corresponding joint torques.

Table 2 shows the computed maximum torque of each joint across all subject groups.

To accommodate the majority of our target population, moderately impaired stroke
survivors, we chose the peak joint torque outputs of the exoskeleton to be comparable to
those measured in stroke survivors with moderate hand impairment, i.e., 2.5 N-m at CMC
F/E, 2 N-m at Ab/Ad joints, 1.5 N-m at MCP F/E and Ab/Ad joints, and 0.5 N-m at IP F/E
joint.

3 The ATX Design

3.1 Mechanical Design

In order to achieve independent actuation of each thumb joint, the ATX has 5 active DOF
and 3 passive DOF. The five active joints produce F/E of the CMC, MCP and IP joints, and
Ab/Ad of the CMC and MCP joints (Fig. 2). The exoskeleton physically attaches to the
distal and proximal segments of the thumb via Velcro straps. A cable wrapped about the
MCP joint helps to secure the ATX to the metacarpal segment. The two proximal joints of
the ATX are aligned with the F/E and Ab/Ad of the CMC joint (Fig. 2). For these two joints,
we assume static centers of rotation, as is commonly accepted in similar instances [23, 33].
The attachment points which actuate the MCP and IP joints are connected through two-bar
linkages, which accommodate the variation in segment lengths across the population and
rely on the users’ natural joint center of rotation. The lengths of linkages for each joint are
calculated according to the thumb size reported in literature [27]. To fit a broad range of
thumb sizes, two sets of interchangeable linkages are designed for long and short thumbs.
Velcro straps connect the exoskeleton to the distal and proximal thumb segments (Fig. 3). A
cable wrapped around the thumb between the webbing and the proximal side of the
metacarpophalangeal joint secures the device to the metacarpal segment.

As mentioned earlier, an axial rotation will be observed between the metacarpal and
proximal segments when MCP Ab/Ad occurs. This motion is important for thumb
opposition. Thus a universal joint, which has 2 passive DOF, is included in the exoskeleton
to allow this axial rotation (Fig. 2). The total mass of the exoskeleton without the flexible
shaft transmission system is less than 250 grams. Most of the components were fabricated
from aluminum alloy, with only the exoskeleton shafts made of steel. The weight of the
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flexible shafts is partially supported by the thumb, with the magnitude dependent upon
thumb position and posture in space.

3.2 Actuation System

3.3 Sensors

The ATX is actuated by DC motors (AKM Series Motor, Kollmorgen, Munkekullen,
Sweden), with one motor controlling each joint. To minimize the weight of the exoskeleton
carried by the user, the motors are located remotely from the thumb exoskeleton and
supported by an external platform. This is made possible by the use of flexible shafts to
transmit motor torque to the ATX. The flexible shaft, which is coupled with both the motor
shaft and the driving shaft on the ATX joint (Fig. 3), transmits rotary motion between the
motors and the exoskeleton while allowing flexibility in its shape between its two ends. By
changing shape, the flexible shaft can accommodate variations in distance between the
motor and the exoskeleton as the digit moves; thus, the motors can remain stationary even as
the corresponding shafts on the exoskeleton move. The flexibility of the shafts also improves
backdrivability of the system. Unlike cable transmission, for which two cables (and thus
typically two motors) are needed to transmit torque in both the clockwise and counter-
clockwise directions, the flexible shaft provides solid coupling between the motor shaft and
the driving shaft of the ATX; it can rotate the joint in either a clockwise or counter-
clockwise direction so that only one motor is needed for each DOF. To maximize
backdrivability, the motor for IP joint has no gearing and motors for the CMC and MCP
joints have only a 3:1 gearing ratio.

To control thumb manipulation tasks, the ATX must support both position and torque control
at each joint. Thus, both joint angle and torque measurements are required for feedback
control and for data collection. Each of the motors have integrated encoders, however, due to
the flexible shaft transmission, the values measured at the motor shafts and the ATX shafts
may deviate. Instead, the joint angles of the exoskeleton are measured directly at the joints
with potentiometers (Precision Electronics Corp., Toronto, Canada) affixed to the shafts of
the ATX with gear sets (Fig. 4). The joint angles of the thumb can be calculated by the joint
angles of the ATX through kinematic equations.

Joint torque is measured through full-bridge strain gages attached on the cylindrical driving
shafts of the ATX (Fig. 4). Namely, two rosettes of strain gauges are attached (one in front
and on in back) of each cylindrical drive shaft and these gauges are then incorporated into a
Wheatstone bridge. The full-bridge strain gage circuit is able to eliminate nonlinearity and
hysteresis in the torque measurement.

The angle measurements from the potentiometers and torque measurements from the strain
gages were calibrated in our experiments and showed high linearity.

3.4 The Real-time Control System

The angular position and torque signals are used to implement low-level feedback control of
each joint. Depending on the application, either position control or force control may be
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required. All control programs are developed in MATLAB Simulink. The real-time control
of the thumb exoskeleton is implemented using MATLAB xPC Target software [34].

A PCI-6229 ADC board (National Instruments, Austin, TX) installed on the target PC
performs analog-digital conversion of torque sensor signals and potentiometer signals. A
CNT32-8M encoder board (CONTEC, Sunnyvale, CA) records quadrature encoder signals
and a PCIM-DDAO06/16 DAC board (Measurement Computing, Norton, MA) converts
digital command signals into the analog signals which drive the S200 motor amplifiers
(Kollmorgen, Munkekullen, Sweden). All signals are sampled at 1 kHz.

3.5 Safety and Limitations

A number of safety mechanisms are present to ensure safe interaction with the individual’s
hand. The lever linkages restrict the angular position of each joint of the ATX to remain
within the physiologically acceptable range. An emergency kill switch is provided to
immediately disable all motors. Software monitoring of both joint position and motor torque
continuously checks to see if specified limits are exceeded and immediately disables the
system if this occurs. To avoid excessive overshoot, gains of the position and torque
controllers are tuned to achieve over-damped or critically damped response.

In our design, individually sized motors and flexible shafts are selected for the different
joints. In this manner, peak motor torque is matched to peak voluntary subject torque and
thus the potential for excessive torque is minimized.

4 Kinematic Analysis

Both the ATX and the thumb have multiple DOFs. The motion compatibility and
determinism need to be addressed to ensure safety and functionality. Motion compatibility
describes the extent to which the thumb can move naturally while attached to the ATX.
Motion determinism refers to the capability to the ATX to control the thumb. The kinematics
of the coupled system of the ATX and the thumb is analyzed in this section to address these
issues.

The thumb and the ATX can be modeled as chains of rigid links (Fig. 5). Both the thumb
and the ATX models have individual kinematic redundancy for the 3 DOF of their tip
locations, as the thumb model has 5 DOF and the ATX has 5 active DOF and 3 passive DOF
in the joint-space (orientation of the end-effectors is not considered for the current analysis).
Thus, for a given task-space trajectory, there will be an infinite number of possible joint-
space trajectories for either the thumb or the ATX model. One concern of this redundant
system is whether a unique mapping can be established between the joint-space trajectories
of the thumb and the ATX models.

The task-space trajectories of the thumb model and the ATX model are represented by the
joint-space trajectories using forward kinematics:

N N N N

Xthllmb:fthumb<a)’ XeXO:fexo(e):fexo(gm GP) (1)
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where Xinump Xexo € R3™ are the thumb-tip position and the end-effector position of the
ATX model in the gartesian space, respectively. a € 315*1 is the vector of the joint angles of
the thumb model; 8, € R°™%, =1, 2, 3, 4 and 5, and 6, € R3", p=6, 7 and 8, are the vectors
of the active and the passive joint angles of the ATX model, respectively.

The position vectors of the attachment points between the thumb and exoskeleton at the
metacarpal (C1), proximal (C2) and distal phalanges (C3), can be written as X¢1, X2 and
X3 respectively,

X =F1(61,62)

N

X oy=F2(01,02,03,04,05,06) 2)

RN

X oy =F3(61,02,03,04,05,06,67,05)

and,

—

X, =Gi(a1,az)

RN

XCZZGQ(Q17Q2,O(3,OZ4) (3)

N N

X oy =Gs(a1, an, a3, a4, a5)

where £, G, € R2ZL, 7, 3, G, G3 € R3*L are the functions of the positions at constraint
points.

Since functions R_éa, _ép) :[/?1;/;2;/?3] and 5(;) = [51;52;53] represent positions of the
same set of constraint points,
ﬁ(? 713, E):? - 6:0, PIG RO ()

a’

It is unrealistic to solve Equation (4) analytically to obtain the joint angle of the thumb from
the measured joint angle of the ATX directly as those equations are highly nonlinear. Thus,
Equation (4) is differentiated once to obtain the mapping at the velocity level,
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at T =0
87,1 8?‘.0 Proa (5)
OH OH 9 O0H —
07,79 | & |~ a7,
—
p o a (6)

Let
oH oH oH
— = _Jdepajz‘]ﬂla
96,9 a0,

where Jz, € R8™8, Jp, € RE"S. Equation (6) can be rewritten as

Jaep [ e ] =, 0.
K

where J; = ~(Jgep) L Jb, A € RED.

Equation (7) gives the relationship of angular velocities between active joints of the ATX
and respective thumb joints, and between active joints and passive joints within the ATX.
Note that the coupled system of the thumb model and the ATX model has a total of 13 DOF
in the joint-space and Equation (7) introduces 8 constraint equations, thus, once joint-space
trajectories of active joints of the ATX model (5 DOF) are defined, corresponding joint-
space trajectories for the thumb model will be determined by Equation (7). Similarly, once
joint-space trajectories of the thumb model are defined, corresponding joint-space
trajectories of the ATX model will also be determined. Thus, a unique mapping can be
achieved between joint-space trajectories of the thumb model and the ATX model, thereby
indicating that the coupled system of the ATX and the thumb is deterministic. Details of the
kinematic analysis can be found at [35].
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5 Flexible Shaft Transmission Testing

In our design, the transmission through the flexible shafts allows actuators to be placed
remotely from the ATX. As flexible shafts have not been used in robot-assisted rehabilitation
systems before, our major concern is the transmission loss of both motion and torque.
Preliminary tests were conducted to investigate the transmission performance of the flexible
shaft. The flexible shaft was bent with a 90° curvature in the tests; this amount of bend
yielded the best torque transmission in preliminary trials. The ATX uses the same curvature.

First, we analyzed the motion transmission performance by measuring joint angles at one
end of the shaft and the other end of the shaft (Fig. 6). When external resistance was
imposed, output rotation produced by the flexible shaft was less than the angular
displacement put into the shaft in the open-loop tests. Some of the input produced twisting,
or “helixing”, in the shaft rather than rotation at the other end. Thus, in closed-loop control,
the angular position measurements have to be measured directly at the exoskeleton end
rather than at the motor end. The tendency to helix can be mitigated by placing an outer
casing around the shaft (Fig. 3). Rotation of the exoskeleton shaft is measured directly with
the potentiometer to enable closed-loop control.

Torque transmission performance through the flexible shaft was examined as well. The
output torque at the distal end of the shaft stayed within 10% error of the input torque
imposed at the proximal end of the shaft for input torque up to 1 N-m (Fig. 7). At higher
torque input, which may be required in thumb rehabilitation and motor control study, greater
deviation was observed. Thus, joint torque is measured directly in the driving shaft of the
ATX, rather than at the motor, to enable closed-loop control.

6 Performance Testing and Experimental Results

In this section, we present the results of the experiments conducted to measure the allowable
thumb workspace after donning the ATX and to test the kinematic and kinetic performance
of the ATX. For readability, we use the terms J1, J2, J3, J4 and J5 to represent the ATX
joints corresponding to the following anatomical DOF: CMC F/E, CMC Ab/Ad, MCP F/E,
MCP Ab/Ad and IP F/E.

6.1 Allowable Thumb Workspace Test

The ATX workspace was measured in 3 subjects. During the experiment, each subject was
asked to perform 4 sets of movements: full thumb extension to full thumb flexion, full
thumb adduction to full thumb abduction, and random motion of the thumb at upper
available workspace (thumb up) and lower available space (thumb down). The experiment
was executed by each subject with (ATX condition) and without (free movement condition)
the ATX. For both conditions, the motions of the thumb tip and reference markers were
recorded by Digital Motion Analysis and Motion Capture System (Spica Technologies
Corporation, Maui, Hawaii) with average calibration error 0.68 mm.

ATX and free movement workspaces were computed from optical marker measurements
(Fig. 9). These workspaces were divided into upper (thumb extension) and lower regions
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(thumb flexion) by the ulnar/radial plane. Volumes of upper and lower spaces were
computed to represent the workspace volume for both the ATX on and free movement trials.

From Fig. 9 it is clear that the thumb with and without the exoskeleton overlap on a majority
of the workspace although the ATX does not reach a small region in the outmost proximal-
radial hyperextension volume. The mean complete workspace volume ratio of ATX to free
movement is 79% across three subjects, while for lower part workspace volume ratio is 94%,
where most of volume overlaps with each other as shown in Fig. 9. Note that the lower
portion of the thumb workspace is reported as the more functional workspace in the entire
workspace of the thumb [36]. All subjects reported they felt comfortable in ATX movement
experiments.

6.2 Kinematic Performance Test

Experiments were conducted to perform closed-loop joint position control with PI
controllers on an artificial thumb (Fig. 2). This artificial thumb, fabricated using a 3D
printer, has a comparable size to a medium-sized human thumb with 5 DOF, corresponding
to the human thumb DOF. For testing purposes, the axes of rotation of the artificial thumb
are orthogonal. The feedback signal to the PI controller was the joint angle of the thumb as
computed from the joint angle of the ATX, as measured by potentiometers at the ATX joints.

6.2.1 Ramp Trajectory Tracking—The first experiment was to examine the ability of the
ATX to track a ramp trajectory at each joint. One joint was tested at a time. The
experimental results of all 5 joints are shown in Fig. 10. The root mean square (RMS) errors
at steady state were 0.098°, 0.105°, 0.124°, 0.118° and 0.140° from J1 to J5, respectively.

6.2.2 Velocity Capacity Testing—The second experiment was to examine the capability
of the ATX to provide high instant velocity at each joint. A desired smooth trajectory was
created for each joint in order to achieve an instant velocity of 1000°/s for the thumb tip.
Motion of one joint was tested at a time. Fig. 11 shows an example of the position and
velocity trajectories of the J3 joint. The maximum velocities observed in the experiment
were 450°/s, 550°/s, 650°/s, 520°/s and 900°/s from J1 to J5, respectively. Note that the
design specification was to achieve 1000°/s at the tip of the thumb (i.e., not in each joint)
and as such the above individual joint velocities together allows achieving the target tip
velocity.

6.2.3 Multiple Joint Position Control—All 5 joints of the ATX were controlled to track
different ramp trajectories simultaneously. The starting configuration of the ATX was at 0°
for all 5 joints and the final configuration was at (15°, 20°, 30°, 12°, 30°) joint angles from
J1 to J5. The experimental results are shown in Fig. 12. The RMS errors at steady state were
0.110°, 0.298° 0.303°, 0.114° and 0.148° from J1 to J5, respectively.

6.3 Kinetic Performance Testing

Joint torque control performances for all joints were also evaluated in experiments. Fig. 13
shows the experimental results for J2 and J5 joints as examples. The desired torque was 0.5
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N-m for J2 and 0.4 N-m for J5. The errors at steady state for all 5 joints were minimal
(under 0.008 Nm).

The torque capacity was tested in an open loop experiment. The output command to the
motor was gradually increased and the torque applied on the CMC F/E joint of the ATX was
recorded by the strain gages. The torque trajectory is shown in Fig. 14. It should be noted
that to prevent excessive helixing of the flexible shaft, which would severely degrade the
transmission performance and produce off-axis force/torque, the maximum torque allowed
by the current flexible shaft is limited to 2.5 N-m in the closed loop control algorithm.

7 Discussion

In this work, we present the design and validation testing of an actuated thumb exoskeleton,
the ATX, capable of examining motor control of the thumb and of implementing and
evaluating rehabilitation paradigms for thumb movement. In order to achieve those goals,
the exoskeleton is designed to be able to independently control each DOF of the thumb with
sufficient power and speed. To our knowledge, no current exoskeleton possesses all of these
capabilities.

The prototype ATX is able to produce natural motion for the thumb, with minimal restriction
to thumb movement. The 5 joints of the ATX are designed to correspond with the non-
orthogonal and non-intersecting rotational axes of the 5 DOF of the thumb [1, 13, 14, 27]. In
our preliminary test, the joint range of motion allowed by the ATX translates into almost
80% of the natural thumb workspace. Importantly, the coverage in the more functionally
relevant lower region reached 94% across the subjects [36]. Losses predominantly occurred
for workspace regions requiring IP hyperextension. All subjects reported they felt
comfortable while moving these thumb with the ATX on. The available workspace could be
expanded even further by increasing the varieties of interchangeable exoskeleton linkages
with different lengths.

DC motors were chosen to actuate the ATX due to their high torque and velocity
performance in all four quadrants of the torque-velocity space. To reduce the load on the
user’s thumb, the motors are located remotely from the thumb exoskeleton, and supported
by an external platform. This is made possible by the use of flexible shafts to transmit motor
torque to the ATX. The flexible shaft is sufficiently rigid to transmit rotary motion between
the motors and the exoskeleton while still being sufficiently compliant to change shape to
accommodate variations in distance between the motor and the exoskeleton as the digit
moves. The flexible shaft can rotate the joint in either clockwise or counter-clockwise
direction, thus, only one motor is needed for each DOF. In comparison, cable transmission
generally requires two motors to actuate one DOF as the cable can only provide pulling
force. Cable actuation is also challenging due to the high DOF and compact size of human
thumb. In conjunction with these beneficial features, the flexible shafts do have other
features which can make them challenging to use. Transmission of motion can be adversely
affected when the resistance is high. While transmission loss in motion was not observed
under low torque, it was noticeable when the torque load exceeded 0.5 N-m. The flexible
shaft would start to helix when transmitted torque exceeds the torque limit. Thus, the joint
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position and joint torque must be measured directly at the output end of the flexible shaft,
the ATX joint, to provide accurate feedback for control purpose. For the ATX,
potentiometers and strain gages are used to measure the angle and torque, respectively,
directly at ATX joints.

These issues are overcome, however, through the use of feedback control and torque/position
measurement directly at the thumb. We examined the kinematic performance of the ATX
under feedback control in a variety of experiments. These included the tracking of ramp
trajectories, trajectory with high instantaneous velocity at an individual joint, and tracking of
different ramp trajectories for multiple joints simultaneously.

The tracking of ramp trajectories for individual joints was accurate for all 5 joints. The RMS
error at steady state was under 0.3° for each joint. As human perception of movement
requires a minimum 1° displacement [37], this accuracy is satisfactory. Due to the nature of
flexible shaft transmission, response delays in the experiments ranging from 0.08 to 0.2
second were observed. These delays were resulted from initial winding of coils in the
flexible shafts, as well as from static friction. Feedforward compensation (preloading) can be
implemented in the controller to reduce the response delay in future applications for which a
faster response is required.

The speed capacity of each joint was tested by tracking trajectories with high instantaneous
velocity. The maximum velocities observed were 450°/s, 550°/s, 650°/s, 520°/s and 900°/s
from J1 to J5, respectively. These joint velocities together will be sufficient to produce the
angular velocity at the thumb tip at the level of 1000°/s, which meets our design
requirement.

In the next experiment, all 5 joints were controlled simultaneously to track different ramp
trajectories. The results show that the ATX can provide accurate independent actuation
concurrently at each joint.

The kinetic performance of the ATX was also examined in our experiments. All 5 joints
were able to produce the desired torque accurately. The torque capacity tested at CMC F/E
joint showed that the ATX was capable of producing 2.5 N-m of torque. Since the other
joints need less torque than the CMC F/E joint, the torque capacity of the ATX meets our
design target.

Although conducted on an artificial thumb, the kinematic and kinetic experimental results
verify the novel capabilities of this exoskeleton under benchmark testing. The artificial
thumb designed for the experiments has the size and DOFs of a medium-sized human
thumb. From the experimental results and analysis, we believe that the ATX presented in this
work is able to provide controlled independent actuation to each thumb joint with high speed
and torque capacities. These capabilities, which exceed existing exoskeletons in power,
speed and actuated DOF, will permit careful evaluation of the motor control of stroke
survivors and of different rehabilitation strategies. For example, the high achievable speeds
and power will permit assessment of spasticity [38] and isokinetic strength and power [32].
The large torque capabilities and individual actuation of each DOF will be able to overcome
the coactivation in the affected thumb and permit evaluation of peak strength.

Adv Robot. Author manuscript; available in PMC 2017 March 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wang et al. Page 13

8 Conclusion and Future Work

This work presents the design and performance testing of an actuated thumb exoskeleton
(ATX) that permits independent bi-directional actuation in each of the 5 DOF of the thumb
using a mechanism that has 5 active DOF and 3 passive DOF. The transmission system using
flexible shafts is able to transmit considerable joint torque and speed to the user while still
allowing natural movement of the thumb. Independent control of each thumb joint with high
speed and torque capacities are important criteria in designing a general platform to evaluate
thumb rehabilitation therapies and motor learning paradigms and have yet to be
implemented in existing thumb exoskeletons. Experiments of closed-loop position and
torque control were conducted and the results showed that both the position and torque
control performance was satisfying.

In future work, we will implement different rehabilitation strategies on the ATX, e.g., low-
impedance, force perturbation, and assist-as-needed strategies. A high-level supervisory
controller will be developed to coordinate these rehabilitation strategies. Further, the ATX
will be coupled with an actuated finger exoskeleton (AFX) [39] that we have developed for
the index finger to implement rehabilitation strategies in restoring control of pinch
movements following stroke.
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Fig. 1.

A Virtual Five-link Model of the Thumb [27]
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Fig. 2.
The SolidWorks model (top left); the universal joint (Top Right) for axial rotation between

MCP and CMC; the ATX attached on an artificial thumb (bottom). Flexible shafts are
hidden for clarity.
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Fig. 3.
The ATX attached on the human thumb by Velcro straps. The motors are placed remotely

and connected to the ATX by flexible shafts.
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Fig. 4.
Potentiometer and strain gages on one ATX joint with flexible shaft connected
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() Thumb F/E Joint (a1, a3, @5,) <> Thumb A/A Joint (a2, a4)

Fig. 5.
The thumb and the linkage ATX models
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Fig. 6.
Motion transmission through flexible shaft: input and output rotation angles at two ends of

flexible shaft are shown.

Adv Robot. Author manuscript; available in PMC 2017 March 07.

-3
(8))




Page 22

Wang et al.

ut torq —===—== output torq

inp

'
'
'
'
'
'
'
'
'
'
'
prrecc s rc e e r e e

S T R

0.2
0
e 1) P

1 - | ——

E 0.4
o
R

0.8k -mmnn-
1
-1.2

30

Time (s)

Motion transmission through flexible shaft: input and output torques at the two ends of
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Fig. 7.
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Fig. 8.
Subject wearing AT X with two optical markers to determine available thumb workspace. (A)

Thumb tip marker; (B) Wrist reference marker.
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Fig. 9.

ATX workspace representation from subject 3. Free movement workspace is the blue area,
while workspace with ATX is in red. (a) 3D view; (b) top view; (c) frontal view; (d) lateral

view.
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Fig. 10.

Tracking of ramp trajectory for individual joint. Each joint was tested separately in different

trials.
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Fig. 11.
Tracking of trajectory with high instant speed at MCP F/E joint
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Fig. 12.
Control of all 5 joints from one configuration to another
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Fig. 13.
Experimental results for individual joint torque control

Adv Robot. Author manuscript; available in PMC 2017 March 07.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Wang et al.

Torque (Nm)

CMC F/E

Page 29

35’ - - - |5

r r

r

-

0 . 4 6 8
Time (8)

Fig. 14.
Torque capacity testing at CMC F/E joint
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Table 1

Thumb Joint Range of Mation (Unit: Degree)
Thumb Axis | Cooney [28] | Buchholz[29] | Katarincic[30]
IP FIE 85 80
MCP F/E 56+15 50 70
MCP Ab/Ad 19+8.8 30 30
CMC F/E 53+11 50 45
CMC Ab/Ad 42+4 40 40
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Table 2
Maximum Joint Torques of the Thumb (Unit: N-m)
Subjects
Thumb Joint
Control | Stroke- Moderate | Stroke- Severe

CMC F/E 5.59 2.66 0.99
CMC Ab/Ad -4.81 -2.40 -0.91
MCP F/E 3.67 1.54 0.94
MCP Ab/Ad -3.09 -1.78 -0.85
IP F/E 1.85 0.58 0.48

Adv Robot. Author manuscript; available in PMC 2017 March 07.

Page 31



	Abstract
	1 Introduction
	2 Design Requirements
	2.1 Independent Actuation of Each Thumb DOF
	2.2 Joint Range of Motion
	2.3 Joint Velocity Capacity
	2.4 Joint Torque Capacity

	3 The ATX Design
	3.1 Mechanical Design
	3.2 Actuation System
	3.3 Sensors
	3.4 The Real-time Control System
	3.5 Safety and Limitations

	4 Kinematic Analysis
	5 Flexible Shaft Transmission Testing
	6 Performance Testing and Experimental Results
	6.1 Allowable Thumb Workspace Test
	6.2 Kinematic Performance Test
	6.2.1 Ramp Trajectory Tracking
	6.2.2 Velocity Capacity Testing
	6.2.3 Multiple Joint Position Control

	6.3 Kinetic Performance Testing

	7 Discussion
	8 Conclusion and Future Work
	References
	Fig. 1
	Fig. 2
	Fig. 3
	Fig. 4
	Fig. 5
	Fig. 6
	Fig. 7
	Fig. 8
	Fig. 9
	Fig. 10
	Fig. 11
	Fig. 12
	Fig. 13
	Fig. 14
	Table 1
	Table 2

