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Design and Development
of a Spherical 5-Bar Thumb
Exoskeleton Mechanism for
Poststroke Rehabilitation

This paper presents the kinematic design and development of a two degree-of-freedom
(2DOF) spherical 5-bar thumb exoskeleton to augment the finger individuating grasp
exercise robot (FINGER) rehabilitation robot, which assists the index and middle fingers
individually in naturalistic grasping. The thumb module expands the capabilities of
FINGER, allowing for broader proprioceptive training and assessment of hand function.
The design process started by digitizing thumb-grasping motions to the index and the
middle fingers separately, recorded from multiple healthy subjects utilizing a motion cap-
ture system. Fitting spheres to trajectory data of each subject allowed normalization of
all subjects’ data to a common center and radius. A two-revolute joint serial-chain mech-
anism was synthesized (intermediate optimization step) to reach the normalized trajecto-
ries. Next, the two resulting grasping trajectories were spatially sampled as targets for
the 2DOF spherical 5-bar synthesis. Optimization of the spherical 5-bar included symme-
try constraints and cost-function penalties for poor manipulability. The resulting exoskel-
eton assists both flexion/extension and abduction/adduction of the thumb enabling a wide
range of motions. Consistent with FINGER, the parallel structure of the spherical 5-bar
places the actuators at the base of the module, allowing for desirable characteristics,
including high backdrivability, high controllable bandwidth, and low mechanical imped-
ance. The mechanical design was developed from the kinematic solution, including an
adjustable thumb cuff to accommodate different hand sizes. Fit and function of the device
were tested on multiple subjects, including survivors of stroke. A proportional-derivative

force controller with gravity and friction compensation was implemented to reduce resist-

ance to motion during subject testing. [DOI: 10.1115/1.4056864]

Introduction

Nearly 800,000 people in the U.S. suffer a stroke each year,
making stroke a leading cause of long-term disability [1]. Due to
an aging population and increasing survival rates, this number is
projected to continue increasing over the next several decades [2].
Around 25-40% of stroke survivors suffer from minor to severe
movement impairments that require rehabilitation [3]. Impairment
of the hand is particularly problematic since the hand is the most
frequently used upper-body part involved in activities of daily liv-
ing [4]. The ability of the thumb to oppose the fingers is essential
for grasp and manipulation activities, such as holding a pen, turn-
ing a doorknob, and lifting small objects. This emphasizes the
need for inexpensive, targeted, and repeatable movement training
of the hand, finger, and thumb. This is the need that robotic-
assisted movement therapy aims to meet.

Over the last several decades, researchers have developed
robotic devices for hand rehabilitation following stroke or other
neurologic injury. Therapy administered with these devices has
been shown to be as good as, or in some cases, marginally better
than, traditional therapy for poststroke recovery [5]. Continued
work is needed to determine the best design features, training
approaches, and control methods for restoring thumb and finger
function [6-8].

Beyond automating the physical therapy process, robotic devi-
ces can serve as a scientific instrument to investigate the post-
stroke recovery process and determine the factors that promote
recovery. Importantly to these efforts, robots are highly repeatable
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and capable of a wide range of assessments (another strength of
rehabilitation robotics). Researchers have used robots to investi-
gate the role of many different factors in poststroke recovery,
including motivation [9], control strategies [10], baseline capacity
[11], lesion location and size [12], and neural correlates from
electro-encephalography [13].

Recently, researchers have begun to develop ways to use
robotic devices to assess proprioception [14—16] and investigate
its role in movement recovery after stroke [17]. As the importance
of the role of proprioception in neuromuscular recovery becomes
clearer, efforts have been made to add proprioceptive training to
poststroke, robot-assisted movement training protocols [18,19].

In recent studies, (Finger INdividuating Grasp Exercise Robot
(FINGER) [20]), the robotic rehabilitation device for the index
and middle finger grasping referred to in this paper, has been used
to assess proprioception via the crisscross test as described in
Ref. [21] that showed an age-related decline in proprioception
(the crisscross test involves subjects indicating with propriocep-
tion but not vision when they perceive that their fingers have
crossed as the FINGER robot moves their fingers back and forth).
Of particular interest is the role of proprioception in recovery, as
described in Ref. [22], which found baseline proprioception to be
a significant predictor of recovery gains. To investigate this fur-
ther, we sought to expand the proprioceptive assessment capabil-
ities of FINGER by adding a thumb module and developing
methods to train proprioceptive capacity in the thumb, index, and
middle fingers. The design and development of the thumb module
were guided by these design criteria to facilitate a poststroke
movement therapy study that includes proprioception assessment
and training. However, the resulting device has thumb motion
capabilities beyond the scope of the movement therapy study for
which it was designed, and with further development, could be
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used to provide therapy and assessment for a wide range of hand
impairments in a clinic or home setting.

Background, Objectives, and Design Overview

The dexterity of the human hand enables the manipulation of
objects, and the thumb is involved in over 40% of all hand func-
tions used in activities of daily life [23,24]. The thumb’s oppos-
ability, a unique feature compared to the other hand digits, is
central to pinching or grasping motions. These motions are a
result of the combination of not only flexion/extension motion at
the metacarpophalangeal (MCP) and the carpometacarpal (CMC)
joint but also the abduction/adduction motion at the CMC joint.

Robotic Devices Supporting Thumb Motion. Several robotic
devices have been developed for poststroke rehabilitation of the
hand that can provide intensive and repetitive movement training
and assessment of impairment and function. These can be broadly
classified as exoskeleton, end-effector, or glove-based devices.
Exoskeleton devices are designed to mimic anatomical structure
and/or movements in their kinematic design while end-effector
devices have a separate kinematic structure featuring sufficient
workspace to reproduce desired motions via trajectory planning.
Glove-based devices typically use modified gloves as the founda-
tional structure for sensing and actuation.

Examples of exoskeleton-type devices for hand rehabilitation
are presented in Refs. [25] and [26]. Each has 4DOFs, supporting
flexion—extension and abduction—adduction, allowing for oppos-
ability of the thumb during grasping and other motions. The
Rutgers Master [27] is an example of an end-effector type robot,
assisting flexion and extension of the CMC and the MCP joints of
the thumb and three other digits (for grasping motions). Examples
of glove-based devices include [28] which supports simultaneous
grasping motions and [29] which supports individual movements
of the fingers and thumb. A survey of robotic devices supporting
the upper limb, including hand and thumb devices, can be found
in Ref. [30]. A brief and focused overview of robotic devices for
thumb rehabilitation are provided in Ref. [31].

All categories of hand and thumb rehabilitation devices share
common challenges. What movements should be supported by the
device? How many degrees-of-freedom are optimal? What sen-
sors and actuators should be used? How will the device attach to
the subject? Is the device easy to don and doff as well as adjust
for different hand/thumb sizes? Each of these questions require
careful consideration, and tradeoffs may have to be made. Assist-
ing the thumb during grasping is particularly challenging due to
its complex anatomical structure. As an approach for overcoming
these challenges, a few robotic devices use a reduced number of
actuated DOFs to achieve grasping motions, limiting the number
of robot-assisted motions, primarily focusing on assisting a single
type of grasping motion, either flexion/extension motion of the
CMC and/or the MCP joint or the abduction/adduction of the
CMC joint, mimicking the opening/closing motion of the thumb.
The tradeoff here is made between the complexity of the design
and the actuation, and the number of grasping motions supported
[8,27]. Another approach includes actuating all the joints of the
thumb independently to achieve all possible grasping motions,
increasing the complexity of the design and requiring more pre-
cise control schemes [25,32]. Robotic devices are also sometimes
limited in the capability of assisting the thumb bidirectionally,
either actuating flexion or extension but not both (or either assist-
ing only in abduction or abduction but not both) [33]. Most
robotic devices are actuated with electric motors while a few are
pneumatically driven [34,35]. The use of geared motors increases
friction and puts the thumb at a mechanical disadvantage when
interacting with the robot, while pneumatic actuation limits the
actuation bandwidth. Both limit the backdrivability of the mecha-
nism. The device in Ref. [36] is an example of a 4DOF series-
elastic-actuated thumb exoskeleton capable of assisting
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bidirectional motions. The authors, however, indicate the device,
in some cases, impedes the abduction/adduction motion of the
CMC joint.

The current clinical practice for assessing thumb proprioception
includes the physiotherapist moving the subject’s thumb manually
[37] and relying on the subject’s responses in gauging the thumb’s
perceived location. In addition to assisting with grasping motions
of the thumb, the exoskeleton presented in this work is intended to
serve as a scientific tool for assessing and training thumb proprio-
ception objectively, mitigating the ceiling/floor effects.

To our knowledge, there does not exist a thumb exoskeleton
device that supports 2DOF grasping motions with therapy and
assessment capabilities that can match the FINGER device. Spe-
cifically, the thumb module presented here was designed to facili-
tate proprioceptive assessment and training of the thumb over a
broad range of thumb movement training, both requiring high-
backdrivability and high-bandwidth actuation.

Design Objectives for the Thumb Individuating Grasp
Exercise Robot. The parent device for this work is FINGER, a
rehabilitation robot designed for finger movement therapy by
moving the index and middle fingers individually through a natu-
ralistic curling motion. Although originally designed for the
administration and investigation of poststroke therapy, FINGER
has a wide range of assessment and therapy capabilities. The
FINGER robotic device is comprised of two lightweight and low-
friction stacked 8-bar mechanisms and is driven by high-
bandwidth, low-friction actuators. A few desirable attributes of
the robot include, but are not limited to, high backdrivability, high
controllable bandwidth, direct force control, low mechanical
impedance, and adjustability to account for different hand sizes.
These attributes give FINGER a broad range of capabilities for
assessment (e.g., strength, proprioception, range-of-motion, etc.)
and therapy (e.g., resistive, assist-as-needed, subject-initiated,
etc.).

Although the thumb is a key component of grasping, the FIN-
GER robot does not currently support assessment or movement
therapy of the thumb. In addition, the design requirements of the
thumb module were selected to support the investigation of the
role of proprioception in poststroke movement therapy, including
existing attributes of FINGER: high backdrivability, low imped-
ance, and direct force control. The target population for use of the
thumb module, in terms of functional impairment, was similar to
that of the original FINGER study: chronic (six+ months) survi-
vors of stroke with moderate to mild functional impairment
defined as a minimum Box and Blocks [38] score of three blocks
with 20% less blocks on the affected versus unaffected side.

The goal of the work described in this paper, therefore, was to
develop an exoskeleton module to augment FINGER so that the
combined robotic device could assess and assist grasping motions
of the thumb simultaneously with the index and middle fingers.
Although the minimum criteria specified two distinct grasping
paths of the thumb, to meet the index and middle fingers individu-
ally, the resulting design also includes individual flexion—
extension and abduction—adduction capabilities, enabling a wide
range of thumb motions.

Design Challenges and Approach for the Thumb Individu-
ating Grasp Exercise Robot. Creating a thumb exoskeleton
module with characteristics similar to the FINGER device pre-
sented several challenges. Importantly, the motion of the thumb
when grasping to meet the index and middle fingers cannot be
characterized as planar; the grasping motion creates an arc and the
dorsal surface of the thumb rotates, or “twists,” along the trajec-
tory from extension to flexion. Thus, a parallel and planar mecha-
nism (e.g., 8-bar) like those utilized by FINGER could not be
considered. Furthermore, recreating two independent grasping
motions, to the index and middle fingers separately, requires the
exoskeleton mechanism to feature 2DOFs. The solution presented
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and the main contribution of this work is a spherical 5-bar mecha-
nism that provides 2DOFs in a parallel structure employing simi-
lar actuators to the FINGER device (see Fig. 1). The optimized
design recreates the curved path motion and rotation, or “twist,” of
the thumb during grasping to meet the index and middle fingers sep-
arately. Although not created specifically to do so, the design also
facilitates independent flexion—extension and abduction— adduction
of the thumb, creating a large workspace for thumb motions, which
can be leveraged by future applications of the device.

The 2DOF spherical 5-bar is a five-revolute-joint (5R) parallel
mechanism with all the joint axes intersecting at a common center
point and the end-effector moving on the surface of the sphere.
When compared to serial chain mechanisms, parallel mechanisms,
in general, have lower inertial impedance due to the ability to
locate the actuators at the base link; in this case, two linear actua-
tors drive the two fixed joints of the 5-bar mechanism.

Major applications utilizing a 2DOF spherical 5-bar mechanism
include device (cameras, antennas, etc.) orienting operations [39,40],
minimally invasive surgical robotics [41], rehabilitation [42], and
robot wrists [43]. Analysis of the kinematics (direct and inverse) can
be found in Ref. [44]. Optimal design and singularity analysis as
well as workspace analysis are presented in Refs. [45] and [46].

Similar to Refs. [47-49], the design approach for this mecha-
nism involved the optimal synthesis of the structural parameters
of the mechanism (link dimensions, end-effector dimensions, etc.)
and configuration angles (angles for the actuated joints at each tar-
get output). In this application, a multistep mechanism synthesis
process was utilized with the ultimate goal to reproduce the
thumb-finger grasping trajectories. The first step used infrared
motion capture cameras to quantify the trajectories (including
position and rotation information) of a representative sample of
subjects grasping with their thumb to meet either the index or
middle fingers while connected to the FINGER robot. A sphere
was then fit to the trajectories of each subject, allowing all sub-
jects’ data to be normalized to a common sphere center and
radius. Next, a simple spatial serial-chain mechanism with a uni-
versal joint at the common sphere center was optimized to repro-
duce the index and middle finger grasping trajectories with the
angles constrained to have a linear correlation. The objective of
this intermediate optimization step was to obtain generalized ref-
erence trajectories (including position and rotation) of the thumb
grasping to both the index and middle fingers separately for a rep-
resentative sample of hands (with different thumb sizes and thumb
grasping patterns). The two separate reference trajectories were

Fig. 1 The 2DOF spherical 5-bar exoskeleton thumb module,
THINGER (blue), supports thumb flexion/extension and abduc-
tion/adduction. The parent device, FINGER (red), assists the
index and middle fingers individually in naturalistic grasping.
Together, the combined device allows broader proprioceptive
training and assessment regimes.

Journal of Medical Devices

sampled evenly along the curved surface of the grasp, creating 20
targets for the index finger trajectory and 20 targets for the middle
finger trajectory. Notably, the target trajectories featured not only
the curved path of the grasping motions but also the natural rota-
tion “twist” of the thumb relative to the grasping direction along
the path. This anatomical grasping feature was a principal chal-
lenge that was met by the characteristics of the spherical 5-bar
mechanism, which was synthesized in the final step to reproduce
the target trajectories.

A major advantage of the approach presented here is the ability
to design an exoskeleton capable of reproducing the thumb-finger
grasping trajectories without needing to align actuators with each
of the anatomical joints of the thumb, which are particularly com-
plex. Rather, the goal is to design a mechanism capable of repro-
ducing reduced DOF thumb grasping motions. This allows the
DOFs of the mechanism to be chosen to match the desired motions,
rather than the complete DOFs of the thumb, and achieves complex
spatial motions with optimal actuation and minimal mass.

The sections that follow describe the complete design process
in more detail, including the thumb-motion data capture in section
Characterization of Thumb Grasping Trajectories, the multistep
optimization process for the mechanism synthesis in section Mul-
tistep Mechanism Synthesis, mechanical device design and devel-
opment in section Thumb Individuating Grasp Exercise Robot
Design and Development, implementation of a preliminary force
controller in section Controller Design and Actuation Hardware,
and preliminary testing to demonstrate fit and function in section
User Testing and Evaluation.

Characterization of Thumb Grasping Trajectories

The spatial motion of the thumb during grasping presents
uniquely complex challenges compared to the finger-curling grasp
motion of the FINGER robot. Thumb-curling motions like cylin-
drical grips, recognized as a combination of the flexion—extension
and abduction—adduction motions of the CMC and MCP joints of
the thumb, produce a curved surface in three-dimensional space.
Determining this surface becomes the start of the multistep opti-
mization process to design the thumb module.

Motion Capture of Thumb Grasping. The first step used
infrared motion-capture cameras to quantify the trajectories (posi-
tion and rotation) of a representative sample of subjects grasping
with their thumb to meet either the index or middle fingers while
connected to the FINGER robot. Unlike the fingers, which have
three phalanges, the thumb has only two, the proximal (or middle)
and distal phalanges. The only way to firmly secure the robot to
the thumb without interfering with the sense of touch of the thumb
tip during thumb-index and thumb-middle finger grasping is by
connecting the robot to the proximal phalanx. Therefore, a three-
dimensional (3D)-printed cuff with a plate of four infrared (IR)
markers in the shape of a rhombus was secured to the dorsal sur-
face of the proximal phalanx of each subject’s thumb to digitize
the spatial trajectories (position and rotation) of the thumb during
grasping (see Fig. 2).

The motion camera setup consisted of four OptiTrack Flex13
cameras operating at 100 frames per second. The cameras were
placed on the top of vertical columns forming a rectangle approxi-
mately 1 m above a work surface where FINGER was located.
The motion capture ground plane was placed on the workspace
close to the thumb during grasping. Markers were placed on the
body of FINGER and on two moving links of the index finger
8-bar mechanism to reference the captured trajectories and the
position of the thumb to the location and orientation of the robot
and the moving fingers. During a data capture session, the sub-
ject’s index and middle fingers were placed in the passive FIN-
GER robot, so that the captured trajectories could be referenced to
the robot’s location and orientation. The Optitrack proprietary
motion tracking software MOTIVE was used to record the position
and orientation of all the IR markers in the work environment. All
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Fig. 2 Motion capture setup showing the ground plane (bot-
tom left), IR markers in a rhombus shape located on a plate
secured to the dorsal surface of the middle phalanx of thumb,
IR markers on the 8-bar mechanism of the index finger, and IR
markers on the base of the FINGER. The x-axis of the reference
frame points in the flexion/extension direction, y-axis points in
the abduction/adduction direction.

the distances and angles were measured with respect to the ground
plane, and the cameras were recalibrated prior to each data cap-
ture session. The coordinate frame of the capture data was aligned
such that the z-axis pointed vertically upward, the y-axis pointed
away from the subject along their forearm, and the x-axis pointed
to the subject’s right.

Six subjects covering a wide range of hand sizes (see Table 1),
having no hand movement impairment, voluntarily participated in
data collection which consisted only of thumb trajectory position
and rotation data. The University of Idaho’s Institutional Review
Board considered the data collected to be exempt from oversight
since these data were only used for device development. During a
data collection session, each subject was instructed to perform a
natural grasp motion with their thumb from a comfortable exten-
sion position through flexing to touching either their index finger
(i.e., an index grasp) or their middle finger (i.e., a middle grasp) at
completion. Subjects were not given instruction regarding the
shape of the grasp trajectories. They were instructed to perform
the two grasp tasks (index grasp or middle grasp) alternately,
repeating for 60 s at a steady and comfortable pace, followed by a
period of rest. During the trials, subjects completed the finger curl-
ing aspects of the grasping while their index and middle fingers
were strapped in the passive (i.e., unpowered) FINGER robot.

Thumb-Trajectory Surface Fitting and Normalization. The
curved spatial surface of the thumb trajectories obtained via
motion capture were found to fit the surface of a sphere with good
accuracy. The accuracy of the fit was measured based on the mean
distance error between the surface of the sphere and each trajec-
tory data point (defined as the center of the rhombus plate). This
was one of the key factors driving the design solution toward a
spherical 5-bar mechanism.

A gradient-based solver (MATLAB’s fmincon function) was
used to fit a sphere to the combined trajectory data (from both
index and middle grasps) of each of the six subjects. For this pro-
cess, the grasp trajectories were reduced to a single point defined
as the center of the four IR markers on the back of the thumb dur-
ing motion capture. The cost function, Jgppere, for this optimization
was a function of the distance between each trajectory point and
the surface of the sphere

Table 1 Hand metrics of six unimpaired subjects

Hand attribute Measurement (mm)

Hand length 178.09 = 11.50
Palm width 8423 +6.74
Thumb length 64.18 =2.07
Thumb circumference 63.78 £3.54
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where (x;,y;,z;) is the ith trajectory point, (a,b,c) is the center of
the sphere, r is the sphere radius, and #n is the number of samples.
Spheres were fit to the data of each individual subject with a
mean-distance error for each data point (averaged over all the sub-
jects) of 0.98 mm between the trajectories and the surface of the
sphere. The mean sphere radius for the six subjects was 59.80 mm
and the mean distance between sphere centers was 12.67 mm.
These values were used to normalize all six subjects’ data to a
common sphere center and radius (see Fig. 3). The sphere center
was located at the coordinates (51.0, —443.1, 93.3) mm with
respect to the origin fixed to FINGER (see Fig. 3).

Multistep Mechanism Synthesis

The primary goals of the mechanism synthesis process were (1)
to determine the kinematic design parameters of a 2DOF 5-bar
mechanism capable of reproducing the thumb grasping trajecto-
ries obtained via motion capture and (2) to define best-fit smooth
trajectories for both the index grasp and middle grasp tasks. Initial
attempts to synthesize the 5-bar mechanism directly from the full
grasp trajectory dataset were unsuccessful, primarily due to the
excessive number of synthesis targets (defined as the four motion-
capture points forming a rhombus plate) and the complexity of the
5-bar mechanism. Furthermore, the number of targets and the size
of the solution space resulted in significant computational expense
that limited the rate at which potential solutions could be found.
Of the solutions that the solver did find, none of them tracked the
targets with enough accuracy to constitute a viable solution. To
address these problems, an intermediate synthesis step was added,
which replaced the 5-bar mechanism with a kinematically simpler
2 R serial chain in which both revolute axes pass through the cen-
ter of the sphere (creating a universal joint). The 2R serial-chain
synthesis was successful, producing smooth trajectory equations
for both the index grasp and middle grasp. These trajectories were
then spatially sampled as targets (defined again as the four
rhombus-plate points) for the spherical 5-bar mechanism synthe-
sis. Details of this multistep mechanism synthesis are given in the
sections 2R Serial-Chain Synthesis and Trajectory Identification
and Two Degree-of-Freedom Spherical 5-Bar Mechanism
Synthesis.

Z (mm)

Subject 1
Subject 2
Subject 3
Subject 4
Subject 5
Subject 6

200

150

-550
-500

X (mm) 450

-400

100 Y (mm)

-350
-300

Fig. 3 Isometric view (see Fig. 1 for orientation reference) of
subject trajectory data and fit sphere, after normalization to a
common center and radius, shown aligned to FINGER. Six col-
ors here represent normalized thumb grasp trajectories of the
six subjects.
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2R Serial-Chain Synthesis and Trajectory Identification.
Figure 4 shows normalized grasp trajectories of all six subjects
separated by type of grasp (red for index grasp and blue for mid-
dle grasp). The right side of Fig. 4 shows sampled rhombus-plates
from motion capture (not all plates were shown for clarity). This
visualization of the data highlights the large variance in grasp
shape. All of the rhombus plates were used as targets for the 2R
serial-chain mechanism synthesis. The goal of the mechanism
synthesis is to find the structural variables and 7 joint angles of
the 2R serial-chain robot that most closely reach the N motion-
capture rhombus plates.

The forward kinematics of a 2R robot, g2}(6), using the prod-
uct of exponentials formula [50] can be written

&R (04,05) = 5% % 2R (0) )

where g2R(0) € R** is the translation and rotation of the tool
(end-effector) frame of the robot in the home position, 4 and 0p

are the joint angles, and &4 = [—ws X g4 wa]| is a twist
describing rotation about axis w, that intersects with point ga
(with a similar definition for &5 = [—wp x gz wg]").

In the tool frame, the four motion-capture markers have the
coordinates (in mm)

10.8 8.8 —10.8 —8.8
pu=|—101, py=19 |, pa = =10 |, ps#r = -9
0 0 0 0
3)

These four points form a rhombus centered at the tool-frame ori-
gin and match the geometry from the motion-capture thumb cuff.
For a given nth configuration of the 2R mechanism, defined by
joint angles 04 , and 0, the spatial location of the four points in
Eq. (3) can be found according to

o= R (0 O ) @)

20
X (mm)

440
Y (mm)

9 400 -420

where 7 indicates the nth configuration of the mechanism corre-
sponding to each of N target rhombus plates and p7; is the spatial
location of the ith thombus point in Eq. (3), mapped from its cor-
responding tool frame coordinates p’,. The spatial location of these
end-effector points is compared to the location of the points on
the nth motion-captured rhombus plate and the squared-error is
accumulated for all of the N rhombus plate targets creating the
cost function

4

N
TR =Y (i =ph) ®)

n=1 i=1

where 77 is the location of the ith point on the nth target rhombus
plate.

MATLAB'’s fmincon function was used to minimize the cost
function in Eq. (5) by changing the structural parameters (e.g.,
home position g?*(0)) and the joint angles (each target rhombus
plate requires different values of 04 and 0Op). Several constraints
were included in the optimization. Flrst the rotation axes were
constrained so that ws = [0 0 l] and w, L wp. These con-
straints reduced the solution space and arranged the two revolute
joints to form a universal joint at the center of the sphere. Further-
more, the rotation axes were constrained to pass through the cen-
ter of the normalized sphere (moved to the origin for synthesis, so
that g4 =g =10 O 0] ) This constraint also reduced the
solution space and ensured that the resulting solution trajectories
would be reachable by the spherical 5-bar mechanism (see Fig. 5).
Importantly, the angles of the joints were linearly constrained for
both the index grasp and middle grasp trajectories, so that

0/\ = mindeng + bindex (6)

04 = Muigaie0p + bmiddie

where Miugexs Mmiddies Pindexs aNd bmiqqie are constant coefficients
defining a linear relationship between 04 and 0p. This constraint

-440 -460

Y (mm)

9 400 -420

= Index Grasp Center

- Middle Grasp Center
= Middle Grasp Plate (samples) B Index Grasp Plate (samples)

Fig. 4 (a) Isometric view (similar to Figs. 1 and 2) of the centers of all index grasp (red) and
middle grasp (blue) trajectories. (b) Sampled (to declutter) motion-captured rhombus plates
from index grasp (red) data and middle grasp (blue) data. The rhombus plates (all captured,
not just the samples shown) were used as the targets for the 2R serial chain mechanism

synthesis.
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=40
g
&g

N 20

0

40

-60 0
X(mm) 4 20
Y (mm)
Fig. 5 Isometric view of the spatial locations of the optimized

and mutually perpendicular axes of the 2R serial-chain mecha-
nism which reproduce the grasping motion. The axes are indi-
cated by w4 (green) and wg (cyan), with g4 and gg located at the
center of the sphere ([0,0,0]). Sampled centers of the motion-
captured index grasp (red) and middle grasp (blue) trajectories
are also shown for spatial reference.

forced the solver to find smooth paths for both the index grasp
and middle grasp trajectories. After the constraints, the solver had
13 structural parameters, four trajectory coefficients, and 14,000
angles to determine during optimization, as summarized in
Table 2.

The most important results of optimization of the 2R serial-
chain mechanism are the solutions, defined by Eq. (6), for both
index grasp and middle grasp trajectories, which were each
sampled at 20 spatially distributed locations (for a total of 40
rhombus-plates). Analysis of the thumb path data revealed that the
subjects spent relatively more time in configurations correspond-
ing to the extents of the thumb grasp, i.e., flexed and extended
positions. Time-based sampling of the solution trajectories mis-
takenly skewed the optimization toward these positions. Thus,
spatially sampled solutions were used as targets for the synthesis
of a 2DOF spherical 5-bar mechanism as described later (targets
shown in Fig. 8).

Two Degree-of-Freedom Spherical 5-Bar Mechanism Syn-
thesis. The 2DOF spherical 5-bar mechanism consists of five rev-
olute joints whose axes all intersect at a common center. The axes
and angles of rotation of joints one through five are denoted,
respectively, by m;_s and 01_s. As shown in Fig. 6, axes w1 and ws
are fixed to a ground link and are actuated. The other four links
connect the remaining links in succession: Link12, Link23,
Link34, and Link45.

The forward kinematics of a parallel mechanism can be
expressed by equating multiple serial chains to form a structure or

Table 2 2R serial-chain mechanism synthesis parameters

Parameter description No. of parameters

Home position g2} (0) translation 3
Home position g2® (0) rotation axis and angle 4
Joint axes w4 and wg 6
Index grasp trajectory coefficients miygex and bindex 2
Middle grasp trajectory coefficients #y;qdie and Dindex 2
Joint angle 0p, for each target plate n 14,000
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Link34 o,

Linkl2

< Actuated Joints

Fig. 6 A 2DOF spherical 5-bar mechanism with all five axes
intersecting at a common center. Rotation axes », and ws are
the fixed and actuated joints.

loop equation [41,46]. In this case, the spherical 5-bar can be
described with two serial chains: (1) a left chain comprised of
axes wi, and (2) a right chain comprised of axes ws;_s. The result-
ing forward kinematic equations are

g;tZ(()) — ot e&zezgsr(o)

5o g, b @

gf,43(9) — eC505e5404e§303g3,(0)
where g,,(0) € R*** is the home position of the tool (end-effec-
tor) frame located on Link23, 0,_s are the joint angles, and &; =
[—w; X g w,—}T is a twist describing rotation about axis ; that
intersects with point ¢;, defined for joints 1-5. Following the 2R
serial-chain synthesis, the four motion-capture markers have the
tool frame coordinates defined in Eq. (3). For a given nth configu-
ration of the 5-bar mechanism, defined by joint angles 0, , and
0, ,, the spatial location of the four points in Eq. (3) can be found
according to

Pl = & (01, 0)p};
P = g3 (0s, 04, 03)pl

where 7 indicates the nth configuration of the mechanism corre-
sponding to each of N =40 target rhombus plates and pj; is the

(®)

......... w, (in Y-Z planc)

w, (plot Z-axis)
Home Position
Translation P (0)
= T00l| Frame X-axis
Tool Frame Y-axis
Tool Frame Z-axis
Rhombus Plate

in Tool Frame

I Link23

100

Z (mm)

w

0 2 100
50

-+, 50 0

['7//1,) Y (mm)

Fig.7 Tool frame location in the home position. The tool frame
is rigidly attached to Link23, connecting axis w, and axis wj.
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(b)
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W, (fixed)

wq /)12

Wy I 7.ink23 [ Tool Frame Plate
e— ) — (fixed) I Zink3¢ [ lindex G rasp Target
I /.inic45 [ IMiddle Grasp Target

Fig. 8 (a) 5-bar mechanism in the flexed (grasped) configuration. (b) 5-bar mechanism in
the fully extended configuration. In both visualizations, tool frame output is shown as cyan
rhombus plate. The end-effector, fixed to Link23, recreates the grasp trajectories, passing
through the target rhombus plates (blue and red). Both visualizations are from viewpoints

similar to previous figures.

spatial location of the ith thombus point in Eq. (3), mapped from
its corresponding tool frame coordinates pj. Either of the two
equations in Eq. (8) could be used to find the spatial locations of
the four points, as both the equations represent the forward kine-
matics of mechanism (the first equation uses the left serial chain
while the second equation uses the right serial chain). The spatial
location of these end-effector points are compared to the location
of the points on the nth motion-captured rhombus plate and the
squared-error is accumulated for all of the N rhombus plate targets
creating the cost function

N=40 4

Jspar = Z Z (rg _p;‘ls)z
n=1 i=1

(C))

where 77, is the location of the ith point on the nth target rhombus
plate.

As for the 2R serial-chain synthesis, a gradient-based solver
(MATLAB’s fmincon function) was used to minimize the cost
function in Eq. (9) by changing the structural parameters and the
joint angles. Multiple constraints and penalties were included in
the optimization. A symmetric solution was desired for ease of
calculation of the inverse kinematics, so the angle of Link12 was
constrained to equal the angle of Link45 (Lww; = Lwsms) and
the angle of Link23 was constrained to equal the angle of
Link34 (Lwyw; = Lwsws). The angle between fixed axes w;

and s was constrained to 60deg, placed initially at

{_l _ﬁ 0] and ws = {l _ﬁ
2 2 2 2
rotated first —30 deg about the y-axis and then —45 deg about the
z-axis. These locations were chosen to align the most manipulable
direction of the mechanism with the largest movement direction of
the motion (as seen in Fig. 6). The manipulability of the mechanism
at each configuration was measured by analyzing the inverse condi-
tion number of the body manipulator Jacobian, which was obtained
by calculating the ratio of the minimum and the maximum singular
value of the body manipulator Jacobian [50]. A penalty term was
added to the cost function that calculated manipulability at every out-
put configuration of the mechanism. After the constraints, the solver

T T
0} before both were
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had 16 structural parameters and 200 angles to determine during
optimization, as summarized in Table 3.

After many minimizations of the cost-function starting from
randomized initial conditions, a feasible symmetrical solution was
found. The mean distance error for each point (four per rhombus),
averaged over the 40 target locations was 0.402 mm. For the struc-
tural parameters, the solution produced the home configuration of
the tool frame (see Fig. 7) and the moving rotation axes

[ 0.4966 0.8448 —0.1993 —37.6107
| -0.7319 0.2840 —0.6194  4.9629
g(0) = —0.4667 04535 0.7593  45.7118
0 0 0 1
[—0.0655 —0.7849 ~0.6013
w, = | 09888 |, w3=|—03957|, ws= | —02171
| 0.1338 0.4768 —0.7689
(10)

This solution found Z ww, and Zw4ms to be close to 106.02 deg
and Zwymw3 and Zwswmy to be close to 101.03deg. A visualization
of the solution is shown in Fig. 8, including a flexed (grasped) pose
in Fig. 8(a) and a fully extended (thumbs up) pose in Fig. 8(b).

The optimization also finds 40 solution angles for each of 6;_s.
Figure 9(a) shows the joint angles for both the index grasp and
middle grasp trajectories. All the joint angles have smooth curves
indicating that the mechanism maintains its structure while avoid-
ing a singular configuration. These angles are common in full
extension, so that the thumb extension position is shared for both

Table 3 5-bar spherical mechanism synthesis parameters

Parameter description No. of parameters

Home position g,(0) translation 3
Home position g,,(0) rotation axis and angle 4
Joint axes s, wy, and ws 9

Joint angles 0, ,,, 0, 03, 04, and 0s , for target plate n 4 x 5=200
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Solution Angles for Grasp Trajectories
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Fig. 9 (a) Joint angles of the optimized 5-bar mechanism transitioning from flexed (grasped) to extended. Tra-
jectories for the index grasp are shown as dashed curves and middle grasp are shown as solid curves. The tra-
jectories share common angles at thumb extension. (b) Manipulability of the 5-bar mechanism as it moves from
the flexed to the extended configuration for both the trajectories. (a) Solution angles for grasp trajectories and

(b) manipulability along grasp trajectories.

grasps. During grasping, the mechanism avoids singularities and
maintains good manipulability, greater than 0.3 across both the
grasping motions. Figure 9(b) shows the manipulability of the
configuration for each of the 40 poses.

Thumb Individuating Grasp Exercise Robot Design and
Development

This section details the mechanical design and development of
the 2DOF spherical 5-bar thumb exoskeleton. The design is based
on the kinematic parameters obtained from the mechanism synthe-
sis described in the section Multistep Mechanism Synthesis.

Thumb Exoskeleton Mechanical Design. The mechanical
location of these joint axes w; and ws were placed behind the
hand at a large enough distance from the sphere center to avoid
interference with FINGER during operation (see Fig. 10). This
location minimizes the visual obstruction to the user’s view of the
hand as opposed to placing the joints on the opposite side of the
sphere directly between the user and their hand. Another advant-
age of this location is that the two linear Servotube actuators
(Dunkermotoren), can be placed safely away from the user. An
aluminum base link provides accurate alignment between fixed
axes w; and ws and provides housing for their respective bearings.
A 3D-printed riser positions this base link at the correct coordi-
nates and angles above the base plate on which FINGER is
secured.

The locations of the remaining three axes are not fixed and
move as the mechanism is actuated. The design of the links that
connect all five axes is governed by the optimized solution from
mechanism synthesis: Link12 (Zw;w;) and Link45 (Zwaws)
must form a 106.026 deg angle; Link23 (Zw,w3) and Link34
(Lw3wg) must form a 101.029deg angle. These links were
designed to avoid contact not only with each other during actua-
tion but also with the user’s hand and the FINGER device. Axis
shafts for all joints were machined from high-strength aluminum,
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and two deep-groove ball bearings allowed low-friction motion of
each joint. The four moving curved links were 3D printed with
carbon-fiber reinforcement layers using the Markedforged Mark
Two ™, resulting in a sufficiently strong and stiff mechanism.

Thumb Cuff Design and Hand Size Adjustment. The 3D
thumb cuff extends out from the output Link23 (Fig. 11), securing
the user to the mechanism. The user’s thumb is secured using a
BOA® dial, which guides the cable around a tear drop-shaped
notch on the 3D-printed strap (Figs. 11(a) and 11(b)). The BOA®
cable and dial simplifies the process of donning and doffing, and
the 3D-printed strap with added foam padding creates a secure
connection while minimizing discomfort and abrasions. An oval-
shaped sliding mechanism connects the thumb cuff to Link23 (see
Figs. 11(c) and 11(d)). The slider can be extended and retracted to
accommodate different hand sizes, moving the user’s thumb toward
and away from the trajectory sphere center, essentially changing the
radius of the grasp trajectory sphere. Once the thumb is secured
firmly using foam padding and elastic finger sleeves to prevent skin
irritation, the thumb cuff still allows smaller misalignments of the
thumb within the cuff for comfort without affecting the device’s
capability in assisting flexion/extension and abduction/adduction
motion. The specific accuracy of the device in tracking the desired
grasping motion is not as important as allowing the flexion/extension
and abduction/adduction motion of the thumb.

Controller Design and Actuation Hardware

A preliminary low-level force controller was implemented to
reduce the impedance of the mechanism to subject-initiated
motion during initial testing and evaluation (Fig. 12). The force
controller uses experimentally determined models for gravity and
friction compensation, and a proportional-derivative controller
responds to subject forces as measured by an ATI Nano25 force/
torque (F/T) transducer. Data acquisition and control is imple-
mented on the Speedgoat® real-time target computer with
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(b)

Fig. 10 (a) SOLIDWORKS assembly showing the spherical 5-bar thumb exoskeleton aligned with FINGER.
The fixed joint o, is driven by linear actuator T; located on top of the baseplate (shown as wireframe for
clarity); ws is driven by T; located on the underside of the base plate. (b) Isolated view of the spherical 5-bar

mechanism.

Link23

Fig. 11 (a) and (b) BOA dial and the 3D-printed strap adjustable cuff allows the thumb to be fastened securely to the
thumb. (¢) Thumb cuff and adjustment slider shown secured to Link23, arrow (red) indicates the direction of slider move-
ment to accommodate different hand sizes. (d) Slider shown in extended and retracted positions. The offset slider axis
moves the center of the user’s thumb toward and away from the center of the sphere thumb trajectory sphere.

Simulink Real-Time from MathWorks®. An EtherCAT network
acquires signals from the F/T transducer and sends commands to a
Copley Accelnet Plus dual axis motor driver, which controls the
two brushless linear Servotube motors (Dunkermotoren STA1116
and STA1104) that actuate the thumb exoskeleton.

The robot is integrated with the interactive RehabHero game
(an interactive game similar to GuitarHero®), intended to assist
subjects during therapy and assessment. The desired trajectories
generated by the trajectory calculator block are linked to the inter-
active computer game environment. Other therapy games and
assessments are under development that will incorporate the wider
range of thumb motions supported by the 5-bar mechanism.

User Testing and Evaluation
The functionality of the spherical 5-bar thumb exoskeleton was

tested on both impaired and unimpaired subjects. The participants

Journal of Medical Devices

provided informed consent as per the protocol approved by the
Institutional Review Board at UC Irvine. The study is registered
on® (NCT04818073). Multiple aspects were evaluated, including
donning, doffing, and comfort. Figure 13 shows a healthy subject
using the 5-bar thumb exoskeleton with the FINGER device. The
workspace of the thumb in the exoskeleton was also evaluated,
both along the index grasp and middle grasp trajectories (Fig. 14),
and in exploratory directions combining flexion/extension and
abduction/adduction to determine the extent of the functional
workspace of the device (Fig. 15). Table 4 compares the average
forces felt by the user with and without the gravity compensation,
friction compensation, and force feedback. A mirrored version of
the mechanism was also assembled, supporting subjects with
either left- or right-side impairment.

2Clinicaltrials.gov
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Fig. 12 (a) Block diagram of the implemented control system. (b) Force control diagram, including gravity
and friction compensators for the two thumb mechanism actuators T; and T;.

Link23

Fig. 13 A subject’s hand using the FINGER device with the 5-bar spherical thumb exoskeleton module. (a)
Thumb in the extended position. (b) Thumb during partial grasps. (c) Completion of the index grasp, where the
thumb grasps to meet the index finger. (d) Completion of the middle grasp where the thumb grasps to meet the
middle finger.
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Fig. 14 Desired and robot-guided trajectories along the opti-
mized thumb index grasp and middle grasp. The flexion/exten-
sion and abduction/adduction direction are tangential to the
surface of the sphere with the flexion/extension direction
aligned tangential to the desired trajectories shown.
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Fig. 15 Workspace of the thumb under free motion. Subject-
driven motions (cyan) were recorded with the thumb attached
to the robot with the intention of identifying the workspace
boundaries (black). The index grasp (red) and the middle grasp
(blue) trajectories are also shown here for visual comparison.

Table 4 Comparison of average forces along the 2DOFs with
and without compensation

Flexion/extension  Abduction/adduction
Motion direction
Compensation No Yes No Yes
Average force experienced 499N 399N 419N 3.04N
Gravity compensator forces — 047N — 135N
Friction compensator forces — 033N — 0.22N
Force-feedback — 1.36 N — 0.29N
Peak force 153IN 11.03N 16.68N 10.38 N

Journal of Medical Devices

We evaluated the feasibility of the thumb mechanism in four
poststroke individuals in a 1.5-h training session. The subjects’
ages ranged from 42 to 74 with a mean age of 62, with a box and
blocks score of 23.5 (16-28). During the training session, the
thumb was held in a constant thumbs up position (Fig. 16(a)) or
moved passively between a thumbs up position to a position with
the thumb in opposition to the middle finger (Fig. 16(d)), passing
through the intermediate postures shown in Fig. 16. While the
thumb was controlled passively, participants made volitional flex-
ion/extension movements of their index and middle fingers to play
computer-based games. To prevent any skin irritation in the
device, participants wore elastic finger sleeves. Three of these
individuals completed a single session in the device, while the
fourth individual completed 12 sessions. Across all sessions, there
were no recorded instances of skin abrasion nor pain during task
execution when queried. Following each session, all participants
reported zero pain with and without movement of the hand
assessed via the visual analogue pain scale.

Discussion and Conclusions

The presented design approach was successful in producing a
2DOF spherical 5-bar exoskeleton, named thumb individuating
grasp exercise robot (THINGER), capable of guiding the thumb
through multiple grasping patterns. During grasping, the mecha-
nism avoids singularities and maintains an inverse condition num-
ber (measure of manipulability) of greater than 0.3. The
mechanism not only assists in guiding the thumb along the index
grasp and middle grasp motions but also allows for more general
thumb motion combinations of flex—extension and abduction—
adduction. This versatility supports different orientations of the
thumb and enables a broader range of motions for movement ther-
apy and assessment.

Fig. 16 A poststroke individual’s hand using the FINGER
device with the spherical 5-bar thumb exoskeleton module
(THINGER). (a) Thumb in the extended position. (b) Thumb par-
tially flexed along grasp path. (¢) Completion of the index grasp
where the thumb grasps to meet the index finger. (d) Comple-
tion of the middle grasp where the thumb grasps to meet the
middle finger.
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Thumb individuating grasp exercise robot works in tandem with
FINGER to facilitate multidigit, individual grasping of the thumb
and both index and middle fingers. A custom, adjustable thumb
cuff secures the subject to the exoskeleton while an adjustable
slider can move the center of the subject’s thumb along the adjust-
ment axis to accommodate a wide range of hand sizes. A prelimi-
nary force controller was implemented to reduce the resistive
forces experienced by the subject during initial evaluation. The
force controller includes gravity and friction compensation and uti-
lized F/T measurements in the feedback controller to minimize
interaction forces between the robot and the subject during subject-
initiated movements. Future work includes: (1) implementing an
impedance controller to further reduce the apparent mass of the
robot and facilitate a broader set of therapy and assessment para-
digms and (2) developing additional game-based interactive envi-
ronments for assessment and therapy of human subjects.

Design Approach Advantages for Medical and Other
Human-Robot Devices. In simplified terms, the presented design
approach can be described as synthesizing a mechanism to repro-
duce desired motions or a specified workspace. These motions may
represent a subset of the full capabilities of the targeted limb(s). In
many applications involving human subjects, such as hand grasping
[20], arm reaching, and walking [51], this results in a mechanism
with acceptable and advantageous tradeoffs.

Parallel mechanisms can map N actuated degrees-of-freedom to
Nth order surfaces. In the work presented here, the spherical 5-bar
parallel mechanism maps N=2 linear actuators to a two-
dimensional spherical surface with an output link that also prop-
erly applies a naturalistic rotation “twist” to the thumb during
thumb grasping. Another example is FINGER (which THINGER
augments), which utilizes planar 8-bar mechanisms to map linear
actuators to naturalistic curved planar motions with outputs at
both the proximal and middle phalanges that also provide proper
rotation during finger grasping. In short, using parallel mecha-
nisms allows the designer to select the minimum degrees-of-
freedom necessary by utilizing those N degrees-of-freedom along
complex Nth dimensional surfaces.

This approach is an alternative to traditional exoskeleton design
which typically aims to align mechanical joints with anatomical
joints of the targeted limb or digit. Removing this joint alignment
requirement is a significant advantage for medical and other
robotic devices intended to assist human motion (i.e., exoskele-
tons) and/or interact with the human anatomy (e.g., surgical
robots). This has several other advantages, including reduced
actuation, reduced joint complexity, and more options in place-
ment of actuators. The approach may also be applied to more
complicated limbs and motions or to completely different fields
altogether. The main drawback is optimization complexity, which
can be at least partially addressed by the intermediate optimiza-
tion step approach presented here.

Addressing Synthesis Optimization Challenges With an
Intermediate Step. Synthesizing a complex parallel mechanism
to reproduce spatial trajectories (consisting of positions and rota-
tions) of targeted human motions is not without significant chal-
lenges. Human motion is inherently and notoriously noisy, both
within and across subjects. Furthermore, the optimization solution
space for parallel mechanisms is large for even simple
mechanisms, and it increases exponentially with added degrees-
of-freedom. Identifying an Nth order surface and a simplified
mechanism (typically serial chain) as an intermediate optimiza-
tion step can transform an insurmountable optimization problem
to one with an attainable solution space that can be fine-tuned for
the specifics of the application via optimization constraints and
penalties. In the case of the thumb, we were unable to synthesize
the 5-bar mechanism from the original motion captured data.
However, we found that grasping trajectories could be closely
approximated as movement with rotation (also known as “twist”)
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on the surface of a sphere. A spherical 5-bar mechanism was
selected for its ability to produce such motions, and a multistep
synthesis process found a kinematically feasible solution that we
were not able to find by synthesizing the final design directly from
the raw motion-capture data. This multistep process effectively
optimized grasp trajectories as an intermediate step to greatly
reduce the design space for the synthesis of the spherical 5-bar
mechanism. This multistep synthesis approach may be applied to
various problems and should be considered in all mechanism syn-
thesis attempts.

Limitation of Thumb Trajectory Data Collection. A notable
limitation of this work is the limited number of subjects (six) who
participated in thumb trajectory motion capture. Original plans to
include a significantly larger number of subjects for the characteriza-
tion of thumb grasping were halted by the pandemic. However, the
six participants did represent a large range of hand sizes (see Fig. 2)
and shapes, and the collected trajectory data featured a high variabil-
ity. The range of hand sizes was also apparent in the intermediate
optimization step, which fit a sphere to each subjects’ trajectory data.
For the six subjects, the sphere radii ranged from 49.8 mm to
68.6mm with a mean of 59.8mm and a standard deviation of
6.0 mm.

It should be noted that even with the limits of the collected tra-
jectory data, the resulting mechanism has subsequently fit numer-
ous users with a wide range of hand sizes. The adjustable slider
between the thumb cuff and the output link of the 5-bar mecha-
nism allows 50 mm adjustment of the sphere radius, providing for
a greater range of hand sizes than that of the subjects whose range
of optimized sphere radii was 18.8 mm.

Limitation of Thumb Motions Facilitated by Thumb Indi-
viduating Grasp Exercise Robot. The original design criteria
specified two distinct thumb-grasping motions, one to meet the
index finger during grasp and the other to meet the middle finger
during grasp. Subjects had their index and middle fingers in the
FINGER device during thumb trajectory motion capture and were
instructed to alternate between grasping to meet those fingers (their
only instruction). As such, their thumb trajectories tended toward
spherical grips, driven primarily by the CMC and MCP joints (see
Fig. 2) with the interphalangeal joint free to move. The present
spherical 5-bar mechanism used in THINGER successfully repro-
duces these thumb-grasping motions but also allows for broader
flexion—extension and abduction—extension stemming from the
CMC and MCP joints. Although not part of the original design
requirements, this was a very welcome feature of the design as it
allows a much broader range of motion for assessments and thera-
pies (e.g., strength, range-of-motion, and proprioception).

Although the presented design exceeds the design criteria in
several ways, it still limits thumb motions. Tripod pinch, lateral
pinch, and extension grip are examples of hand grasping motions
involving the thumb that are not facilitated by the 5-bar mecha-
nism. In many applications, such a thumb movement training and
assessment for survivors of stroke, this is an acceptable tradeoff as
the recovery goals for survivors of stroke (and similar impair-
ments) are typically function focused (e.g., return an impaired
hand to functional grasping of doorknobs, silverware, etc.). Fur-
thermore, the limits on thumb motion provided by THINGER are
similar to the limits on finger motion provided by FINGER; both
reduce grasping complexity in exchange for high backdrivability
and high controllable bandwidth, enabling unique capabilities for
poststroke therapy and assessment.
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Nomenclature

(a,b,c) = center of the fitted sphere
g2R(0) = the translation and rotation of the tool (end-
effector) frame of the robot in the home position
22R(6) = rotation and translation of the tool frame by
angle 0, describing the forward kinematics of
the 2R mechanism
2!2(0) = rotation and translation of the tool frame by
angle 0, describing the forward kinematics of
the left serial chain of the 5-bar
2>7(6) = rotation and translation of the tool frame by
angle 0, describing the forward kinematics of
the right serial chain of the 5-bar
Jphere = cost function for fitting a sphere to the normal-
ized data
Jor = cost function for the 2R serial-chain mechanism
synthesis
Jsbar = cost function for the 5-bar mechanism synthesis
Mindex > Pindex = index grasp trajectory coefficients
Mimiddle, Pmiddle = middle grasp trajectory coefficients
n = number of samples
pis = location of the ith motion-capture rhombus
marker in the spatial frame
pir = location of the ith motion-capture rhombus
marker in the tool-frame
Pl = location of the ith motion-capture rhombus
marker for the configuration of the 2R mecha-
nism, in the spatial frame
P}, = location of the ith motion-capture rhombus
marker for the nth configuration of the 2R mech-
anism, in the tool-frame
q = position of a point in space with respect to the
tool frame
r = radius of the fitted sphere

i = location of the ith point on the nth target rhom-

bus plate

T, = actuator mounted on top of the base plate which
drives m,

Ts = actuator mounted on top of the base plate which
drives ws

(i, vi,2;) = spatial coordinates of the ith trajectory point
2R = two revolute joint serial-chain mechanism
04, 0p = joint angles of the 2R mechanism
04 n, 08, = joint angles for a given nth configuration of the
2R mechanism
&, = twist describing rotation about axis m, that inter-
sects with point g,
£p = twist describing rotation about axis wp that inter-
sects with point gp
w = axis of rotation
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