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Abstract

This thesis presents the development of an exoskeleton for post-stroke thumb
rehabilitation. This exoskeleton is a six-bar planar single-degree-of-freedom mechanism that
controls the position and angle of the middle phalanx of the thumb. It is an add-on for the
finger rehabilitation device FINGER for grasp training, which is a fundamental activity of
daily living.

The trajectory of the middle phalanx of a healthy human thumb was characterized
with color-marker based motion tracking. Mechanisms were synthesized by minimizing the
error between the end-effector of the mechanism solutions and the trajectory of the thumb. A
mechanism solution was selected for design based on its manufacturability and mechanical
advantage. Both the mechanism and an adjustable module to attach the mechanism to the
housing for FINGER were designed, then manufactured using a combination of additive
manufacturing and CNC machining. This provided a prototype for evaluation to inform

future design efforts.
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Chapter 1. Introduction

1.1 Background

Nearly 800,000 people suffer a stroke in the United States each year. It is estimated
that through 2012, around 6.6 million Americans had suffered at least one stroke in their life.
As stroke is a leading cause of long-term disability, these numbers point to a serious health
problem that not only affects victims of stroke and their families, but leads to an estimated
annual financial burden of $34 billion in the United States alone due to the combined costs of
health care, lost productivity, etc. [1]

A common disability associated with stroke is hemiparesis of the upper limb. A pair
of studies on stroke patients found that 70 to 76 percent of stroke survivors had upper-limb
hemiparesis after the stroke [2]. Recovery of upper-limb dexterity was found to be poor with
only 28 to 45 percent regaining some dexterity [3]. Depending on the study, a mere 11.6 to
13.6 percent of patients made a complete recovery from upper-limb impairment following a

stroke [4].

1.2 Stroke Therapy

In an effort to enhance recovery from stroke for the millions of affected people, a
significant amount of research has gone into determining optimal procedures for post-stroke
rehabilitation. At its core, rehabilitation is a cyclical procedure of assessment, goal setting,
and intervention [5]. The consensus among medical and research professionals regarding
timing of therapy is that while a few days should be given to allow penumbral tissue to
initiate healing after a stroke, waiting longer than a week to begin intensive therapy may be
detrimental to recovery [6].This is because fewer days between the onset of the stroke and

the start of rehabilitation is significantly associated with better functional outcomes [7]. No



cut-off time for therapy has been established as improvement of movement has been
observed over six months following the onset of a stroke [8]. These findings point to the
importance of available therapy options throughout a patient’s recovery.

It is important to recognize the best practices for post-stroke therapy in order to
maximize a patient’s potential for recovery. A review of stroke therapy in [9] supported the
concept that intensive, repetitive, task-specific interventions focused on activities of daily
living were most effective for promoting motor recovery. Another review tempered this
finding by noting that most of the effects of therapy were limited to trained functions and
activities [10].

A variety of therapy methods have been evaluated for effectiveness beyond
conventional therapy. These methods have been studied in conjunction with conventional
rehabilitation and as the sole means of therapy. Simple methods such as constraint-induced
movement therapy and mental practice have both demonstrated effectiveness [11-12]. More
active means of therapy, such as electrostimulation of impaired musculature, have also been
found to enhance upper extremity motor recovery. However, electrostimulation can be
painful for the patient [13-14]. Supplying the patient with extra information via
electromyographic biofeedback has not shown a significant positive effect [15].

1.3 Robot-Assisted Stroke therapy

Post-stroke movement training using robotic devices under the supervision of a
trained therapist has also been an active area of research for therapeutic applications with
patients who have suffered a stroke. Multiple reviews and meta-analyses of the literature
have shown that robotic rehabilitation promotes gains similar to those seen with intensive

conventional therapy with very rare adverse effects [16-18]. Some evidence suggests that



therapy with robotic devices may even outperform conventional therapy [19]. This difference
is no longer significant when compared with intensive therapy. Yet, intensive therapy is far
more expensive than robot-assisted therapy as one study found the per-patient cost to be
$5,152 for robot-assisted therapy, while intensive therapy cost $7,382 [19]. Furthermore,
there are not enough therapists to universally provide intensive therapy.

Robotic methods have a number of key advantages over conventional therapy. First,
the repeatable movements of which robots are capable are perfectly suited to the intensive,
repeatable interventions shown to be effective in the literature, without straining the
administering therapist [20]. Robotic devices are also well-suited for quantifying the forces
and movements associated with rehabilitation. These measurements can be used for targeted
assessment to improve an individual patient’s therapy [21]. Visual feedback based on the
measured performance of the patient has also been shown to enhance motivation [22]. These
measurements may also be used to expand the body of knowledge on stroke rehabilitation by
improving the understanding of specific mechanisms of neuroplasticity supporting motor
learning [23].

Beyond reducing physical strain on the therapists through semi-autonomous
operation, robotic devices can also provide more finely tuned sensing and manipulation than
a therapist can in certain situations [23]. This may permit the construction of novel methods
of intervention. By having multiple robotic devices, therapists may also use the robots to
leverage their time and better serve more patients [24].

1.4 Robotic Devices for Stroke Therapy

A review in [25] covers a wide range of robots that have been designed specifically

for post-stroke rehabilitation of impaired upper limbs. The reviewers categorized the



mechanical design of the robotic devices by exoskeletons and end-effector devices. They
noted that electric actuators or pneumatic-pressure systems are typically used to power these
devices. They further classified the robots by target rehabilitation area. These areas included
the arm, wrist, hand, fingers, or a combination of the upper limbs. Robotic devices for the
rehabilitation of the hand and fingers have gloves included as a third category to end-effector
and exoskeleton devices.

Glove robots (for example PneuGlove [26]) are donned over the hand as their name
suggests. The close fit of a glove may enhance patient comfort. The low profile of the glove
may also be advantageous for rehabilitation tasks in constrained spaces. Still, a glove may
interfere with patient sensory feedback. Glove-based devices may also be difficult to put on
for an impaired individual due to increased tone [27]. The flexible nature of the attachment of
glove-based devices to the hand intuitively makes precise control more difficult.

End-effector robots (such as the device in [28]) usually attach to the most distal part
of a subject’s limb, simplifying the device’s structure. However, this initial simplicity
necessitates more complicated control algorithms for applications with multiple potential
degrees-of-freedom, such as control of the hand [25]. This may increase the chance of injury
during therapy. Like a glove, the inherent design of the interface between the robot and the
hand has the potential to interfere with interventions that require patient sensory feedback.

Exoskeleton robots (like HEXORR [29]) typically interface with the dorsal side of the
hand and fingers. Their structure imitates the skeletal structure of the limb permitting precise
control since each limb segment is attached to a corresponding device segment. As with end-
effector robots, the complexity of control significantly increases with higher degrees of

freedom [25].



Rehabilitation robotic devices are typically powered using either electric actuators or
pneumatic pressure. Electric actuators are more common, but a few systems (such as Pneu-
WREX [30]) use pneumatic pressure due to its high strength-to-weight ratio. Still, the
requirement of a compressor may make pneumatic actuation less convenient in some cases
than electric actuators.

A problem with geared electric motors is that they may exhibit poor backdrivability.
Backdrivability is the potential for a motor to easily be moved when it is turned off. This is
advantageous in rehabilitation robots for both patient safety and comfort. This feature may
also allow for the design of a controller that turns off the assistance of the actuator to prevent
slacking by the patient. Linear electric motors, such as the ServoTube Actuator by
Dunkermotoren Linear Systems, can provide backdrivability along with high speed and a
large stroke when the design of the device permits their use.

Exoskeletons designed for rehabilitation of the hand such as HEXORR and HWARD
[31] often are used to train grasping movements using both the fingers and thumb.
Standalone devices for all [32] or some [33] of the fingers without a thumb and just a thumb
[34-35] have also been developed. Because grasping is such an important activity of daily

living, having a device that can control both the fingers and the thumb is ideal.

1.5 FINGER and Summary of Thumb Exoskeleton Project
At the University of Idaho, a robotic rehabilitation device named FINGER (Finger

Individuating Grasp Exercise Robot) [33] has been developed together in collaboration with

researchers at The University of California Irvine. This device is shown in Figure 1.



Figure 1. A picture of FINGER (Finger INdividuating Grasp Exercise Robot).

FINGER is capable of assisting stroke patients with precise movement of their index
and middle fingers individually through a naturalistic curling motion. This movement is
controlled by a pair of single-degree-of-freedom eight-bar mechanisms that contact the
proximal and middle phalanges of the attached fingers. The distal phalanges are left open for
tactile feedback during therapy. These mechanisms are independently driven by two
brushless linear DC motors. The low friction and inertia of the mechanism and the linear
motor combination creates a highly backdrivable system that can achieve high-bandwidth
force control.

FINGER demonstrated its potential as a rehabilitation and research device in
preliminary testing with moderately-impaired and severely-impaired individuals [33]. By
developing a thumb exoskeleton to be added on to the FINGER robot, the capabilities of the
device can be expanded. These additional capabilities may include full grasp training, the

study of finger-thumb coupling, and other tasks. The work herein focuses on the design



process for developing a thumb mechanism add-on to FINGER and creating an initial
prototype using that process.

The following chapters describe the design and development of the thumb
exoskeleton mechanism including the following processes: characterization of the motion of
the thumb with motion tracking; mechanism synthesis; and mechanical design and
prototyping. Initially, the three-dimensional motion of the middle phalanx of the thumb is
characterized using color-based motion tracking [36-37]. Next, the process of mechanism
synthesis to design a linkage that follows the trajectory of the thumb is discussed. The
selection of a mechanism from the potential solutions produced by mechanism synthesis was
the next step. After that, designing a mechanism with a beneficial mechanical advantage
profile from the solutions obtained during mechanism synthesis and the fabrication of an
initial prototype is described. This thesis concludes with a discussion of the work completed

and makes recommendations for future work.



Chapter 2. Thumb Path Characterization

2.1 Introduction

This chapter discusses the motion tracking and data analysis used to determine the
position and angle of the middle phalanx of the thumb during a tip pinch grasp [38]. The
three-dimensional track of the thumb provided target points for the synthesis of the
mechanism. The motion of tip pinch grasp was chosen as it appeared to be similar to the
principal components of the postural synergies associated with hand use [39]. This should
make it useful for training grasping. Additionally, the thumb motion complemented the
naturalistic curling motion of the index and middle fingers controlled by the FINGER

mechanism. This fit the goal of creating a thumb mechanism to work with FINGER.
2.2 Motion Tracking
Color-based motion tracking was used due to the small number of required markers

and the simplicity of the method. Three colors were placed on a marker frame attached to the

middle phalanx of the thumb with a hook and loop system as shown in Figure 2.



Figure 2. Marker frame attached to the thumb with red, yellow and blue markers.

The relative position of each marker was known. The red marker on the backside was
also raised up a known distance to keep it in view of the side camera during the entire
motion. The specific dimensions relating the markers to one another on the frame are shown

in Figure 3.
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Figure 3. Marker frame top and side view with dimensions in millimeters.

Two cameras were used for the motion tracking to obtain three-dimensional information
about the motion of the thumb. Each camera was placed an equal distance of 6.5 inches from
the midpoint of the thumb’s motion. The equal distance maintained the same scale for each
camera to mitigate distortion when the two frames were combined to create the three-
dimensional model of the thumb motion. The distance of 6.5 inches was chosen as it was the

closest distance that both cameras could be to the thumb while each had a full view of the
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markers during the full grasp motion. The apparatus used for motion tracking consisted of
two cameras attached to an aluminum frame with a mock-up of FINGER positioned to put
the thumb in the correct position under the cameras. The motion tracking apparatus is shown

in Figure 4.
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Figure 4. Motion tracking apparatus with two cameras on an aluminum frame and FINGER mock-up. Axes associated with
local camera coordinate system shown in red on the figure.
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The cameras were positioned orthogonally to each other with the upper camera
obtaining a top view of the hand and thumb, while the lower camera obtained a side view.
The top view was mirrored over the x-axis to orient the y-axis so it was consistent with a
right-handed coordinate system. Examples of these views are shown in Figures 5 and 6.

For the three-dimensional reference frame, the green marker in Figures 5 and 6 was
used as the origin. A right handed coordinate system was constructed in which x runs from
the posterior to the anterior part of the arm and hand in both figures. The y-axis runs laterally
from the dorsal to the ventral side of the hand in the top view in Figure 5. The z-axis runs

vertically from the lateral side of the hand to the medial side in the side view in Figure 6.
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Figure 5. Top view of hand during motion tracking. This view shows displacement in the x-y plane. Units are in pixels.
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Figure 6. Side view of hand during motion tracking. This view shows displacement in the x-z plane. Units are in pixels.

2.3 Video Acquisition

The Matlab Image Acquisition Toolbox was used to obtain images from both cameras
during motion tracking. During image acquisition, it is important that the area is well lit to
provide necessary exposure for the cameras to achieve the desired frame rate. Before
tracking, the subject donned the marker frame on the middle phalanx of the thumb and fixed
the origin marker to the medial side of the metacarpophalangeal joint of the hand being
tracked. (i.e., the right hand.) Then the wrist was placed in the wrist brace and the index
finger was strapped into the exoskeleton of the FINGER mock-up. The position of the hand

before tracking is shown in Figure 7.
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Figure 7. Setup showing hand with markers attached to FINGER and top and side cameras as well.
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The subject waited for a visual cue in the Matlab command window indicating the
cameras had started running, then began to flex and extend the thumb through the tip pinch
grasp motion at a self-regulated pace. The thumb was tracked at 30 frames per second for 10
seconds after which the subject was instructed to stop.

2.4 Video Processing

The locations of each unique color were extracted from each frame using a Heaviside
function. This function searched the frame for pixels with RGB values that matched the RGB
values of the markers within a predefined range. The marker RGB values were calibrated for
each video to account for changes in lighting. This procedure created two sets of images. One
set was associated with the side camera, while the other set was associated with the upper
camera.

2.5 Model of Thumb Motion

After the motion tracking data from the side and upper cameras were spliced together
using the shared x-values, a curve was fit to each color. A slight shift existed between the x-
values in the top and side views. This shift was removed by finding the average difference
between the x-values in the two views. The x-values of the top view were shifted to be in the
same range as those of the side view by adding the average difference to the original top
view x-values.

The mean length between the blue and yellow markers in the motion capture was
found to be 50.8 pixels. Due to errors in both the tracking and the modelling, the distance
between the markers varied over the 11 sampled locations, so the standard deviation of the

blue-yellow distance was 6.3 pixels. The same values for lengths between the yellow and red,
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then, blue and red markers were 73.9 pixels and 8.0 pixels, and 78.4 pixels and 4.98 pixels
respectively.

While the yellow-red and blue-red marker distances were found to both be
approximately equal to 18.5 mm, the same distances had different average values when
sampled from the motion tracking. It was assumed that the offset position of the red marker
may have introduced distortion errors that caused this inconsistency, as the red marker had a
significantly different relative distance to the cameras compared to the other markers. For
this reason, the blue-yellow distance was used to find the conversion from pixels to
millimeters. Dividing the distance between the blue and yellow markers, which was
measured as 13.3 mm, by the mean distance between the same markers in pixels, which was
50.8 pixels, resulting in a conversion factor of 0.26 millimeters per pixel.

Polynomial regression was used to find the coefficients of a curve that modelled the
trajectory of each color through flexion and extension. The fitted model used quadratic

equations of the form:

[1xyx? y?llc] = [z] 1)

c=X'X)"1Xx'y.

The equations for the z-value of each color are:
Zpme = —21.8 — 1.19x 4 1.18y — 0.0119x2 — 0.0193y?2
Zreg = 8.97 —.972x + 0.389y — 0.0105x2 — 0.009y?2 )

Zyeliow = —24.3 — 1.44x + 1.66y — 0.0161x> — 0.0239y>.
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The range of x and y values that cover the valid range of inputs for these equations are in
Table I. The valid range was determined by maximum and minimum position for each color

during tracking.

Table 1. Bounding range of input values for equations that describe movement of markers. VValues in millimeters.

Color Xmin Xmax | Ymin | Ymax
Blue -55.1 | -22.2 | 25.8 | 57.8
Red -46.9 | -10.5| 6.21 | 494

Yellow | -45.0 | -12.1 | 29.1 | 62.3

The regression with the quadratic equations produced a good fit for the trajectory of
each color. The coefficient of determination (or R?) for the blue track was 0.982. The R?
value for the red and yellow tracks were 0.976 and 0.987 respectively.

The visual results of the regression against the raw data are shown in Figure 8. The
small markers represent the raw data and the solid lines represent the curve fit to each set of
color data. The green triangles symbolize the plane formed by the three markers on the
motion tracking frame. Figure 8 also includes an image of the thumb being tracked by the
side camera to provide a visual frame of reference. The image has been flipped to match the

orientation of the thumb in the picture with the orientation of the characterized thumb path.
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Figure 8. Raw tracked data as the small markers with a line representing the curve fit to each color. Figure also shows the
plane of the marker frame with the green triangles (on which more information is given in Figure 9) and a mirrored side
view from a camera. Units are in millimeters.
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The point of the triangle associated with the red marker does not appear to follow the
curve fit to the red marker in Figure 8 because that point has been transformed to remove the
offset of the red marker relative to the blue and yellow markers. This transformation was the
result of rotating the red marker about the axis running through the blue and yellow markers
by the angle created by the horizontal and vertical offsets of the red marker from the blue and
yellow markers on the frame as shown in Figure 3.

This oriented the marker plane parallel with the surface of the marker frame to which
the blue and yellow markers were already fixed, as shown in Figure 9. Consequently, the
plane represented by the green triangle in Figure 9 was parallel to the dorsal part of the
thumb to provide information about the orientation of the thumb. The triangle extends
beyond the marker frame as the geometry of the triangle was preserved during the rotation

that placed it level with the surface on which the blue and yellow markers are fixed.
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18.5 mm

centerline

Yellow
Blue

Figure 9. Top view of marker frame showing triangle representing the plane offset from the back of the thumb that is the
result of rotating the red marker level with the surface on which the blue and yellow markers sit. The length of each side of
the marker is also given in millimeters. A gray dashed line represents the centerline along the back of the thumb.

Having oriented the marker plane to match the orientation of the dorsal side of the
thumb, a pair of points was translated in the marker plane from the blue and yellow markers
respectively to the centerline of the thumb, which is denoted as a gray dashed line in Figure
9. Once translated, these points could be sampled for use as target points for mechanism
synthesis. The two nodes on the end-effector are evaluated against these points during

mechanism synthesis.
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This pair of points was sampled 11 times at equal intervals along the trajectory of the
thumb to create a set of target data points for mechanism synthesis. These target points are
shown as red circles at all 11 locations in Figure 10. The points are also included in

Appendix A.
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Figure 10. Target points represented by red circles and the plane in which the target points reside represented by green
triangles through all 11 target configurations. Triangle vertices have blue, yellow, and magenta dots according to the color
of the marker tracked by that vertex. (Note: the magenta dot is at the location of the red marker after the transformation from
its tracked location.)

As variation existed between the 11 distances from the yellow to the blue markers,
the distance between one set of target points was not necessarily the same as the distance
between any other pair of points. Unmodified, this may have reduced the accuracy of the
mechanism synthesis procedure since the end-effector would have likely fit pairs of points
that had lengths closer to the mean value better than those pairs that were further from the
mean length. This could have introduced undesirable behavior in the mechanism, such as

over-emphasizing target pairs closer to the mean length, as it fit a fixed-length end-effector to
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target points with variable distances rather than simply fitting the end-effector position to the
path of the thumb. This situation was fixed by adding or subtracting lengths to and from the
markers along the vector running through the markers. This set all of the distances between
each marker pair equal to 13.3 mm, which was the distance between the blue and yellow
markers.

This simplified the search space for the optimization of the mechanism by providing a
fixed distance between the markers for the end-effector nodes to match. Finally, the positions
of all the target points were adjusted with respect to the origin determined by the location of
the green marker, shown in Figures 5 and 6, in the first frame during the motion tracking.
Since the distance from the closest corner of the FINGER mock-up to the location of the
marker in the first frame was known, the path of the thumb could be reckoned with respect to
the housing for FINGER to assist in the design of the mechanism by using this origin as a

reference.
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Chapter 3. Mechanism Synthesis

3.1 Introduction

This chapter covers the procedure of mechanism synthesis used to find a solution for
a mechanism that would follow the trajectory of the thumb. Mechanism synthesis is the
process of determining the mechanism parameters for a mechanism that follows a set path. In
this case, the 11 pairs of points sampled from the thumb path data formed the desired target
path.

Several methods of mechanism synthesis exist for linkages including graphical and
closed-form methods. With modern computational power it is now possible to synthesize
mechanisms with optimization techniques such as function minimization. This project used
function minimization to find a set of mechanism parameters so that the end-effector of the
linkage would follow the desired target path. This set of parameters forms a kinematic
solution that can then be used as the basis for the design of an exoskeleton for rehabilitation
of the thumb after stroke.

The thumb mechanism exoskeleton described herein is designed to control the
position and angle of the middle phalanx of the thumb during a naturalistic grasping motion.
It is designed as a planar mechanism with a single-degree-of-freedom. The form of the
mechanism is a Watt Type I. This six-bar type is similar in form to the eight-bar type used in
FINGER.

The distal phalanx is left free, as in the case of FINGER, to allow for tactile feedback
during therapy. The mechanism is further designed to remain behind the thumb and above

the wrist throughout the full range of motion. This simplifies donning the device. More
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importantly, it makes the device safe to use since the exoskeleton is mechanically constrained

to stay out of the space occupied by the thumb and arm.
3.2 Mechanism Parameters

The variables optimized during mechanism synthesis can be divided into two
categories. The first category includes the variables for the planar mechanism kinematics.
The second category includes variables for the mechanism plane. The planar mechanism
variables include the lengths of the mechanism links, di-g, the three-dimensional Cartesian
location of the ground nodes, G and G1, and the structural angles of the mechanism, a, B, y1,
and y2. An input angle 01, located at node G and measured from the line GG, was also found
for each of the 11 configurations. These variables are shown in Figure 12.

The variables for the mechanism plane described the location of the origin of the
plane and the orientation of the plane. The plane was oriented using the ZXZ Euler angles, a,
B, and y. These variables formed the rotation matrix:

cyca — sycfsa —syca —cycfsa  sfsa

R = |cysa + sycfca —sysa —cycfca —sfcal.

sysp cysp B )

The three-dimensional Cartesian location of the origin of the plane was defined by px,
Py, and pz. Figure 11 shows the mechanism plane transformed by the translation and rotation

variables.
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Figure 11. Mechanism plane shown with respect to origin X, y, z along with translating parameters px, py, and pz and Euler
angles a, B, and y for rotation about local frame x’, y’, z’.

The motion of the mechanism was solved using forward kinematics in a similar
manner to the procedure used in [39]. This allowed the location of each node in the
mechanism to be found given a set of structural parameters and a single driving input angle.

The complete kinematic equations that solve for the locations of the upper (M2) and lower
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(M) nodes on the end-effector can be found in Appendix B. However, the equations that
describe the kinematics of the base four-bar mechanism are:

LGGl = atanZ(Gly - Gy ) Glx - Gx)
sin
coS
LAGl = atanZ(Gly - Ay ) Glx - Ax)

A=6+d; () (266, +6y)

- 4
4G, = \/(Ay — Gyy)* + (A — G1,)? @

—_2 JR—
£G,AB = acos ((AG, + d3 — d3)/24G,d, )

sin

COS) (£G,AB — £AG))

B=Aa+d,(

The variables used in Equation (4) and used to solve the kinematics for the remainder
of the six-bar mechanism are shown on the mechanism in Figure 12. These variables include
the structural lengths, di-9, and angles, a, B, y1, and y2, the base node locations G and Gz and
the input angle 61, which along with angle 2GG,, defines the configuration of the

mechanism.



Figure 12. Mechanism with structural parameters and input angle 0.

28
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3.3 Objective Function Minimization

The optimization procedure uses a constrained nonlinear multivariable function
minimizer (Matlab’s ‘fmincon”) for mechanism synthesis. An objective function was
constructed for the optimization that quantified the error in the mechanism and the effect of
various penalty constraints. The full form of the objective function is:

J=Iu+Iu, s +Jjot]et+]n (5)
where Jv and Jwmz are error terms and Js, Jjo, Jii, and Jn are penalty terms.

The primary terms in the objective function are the sum of the squared error between
the mechanism end points M and M2 and the goal thumb points T and T> which are the
desired target points along the thumb trajectory path. The error was summed over the range
of the 11 pairs of target points representing the trajectory of the thumb. The equations for the

error between the mechanism end nodes (M and M) and the target points (T and T>) are:

Ju = Zr111=1|T - Mln
(6)
Ju, = ZamalTy — My,

The objective function also included four penalty constraints. These constraints
avoided infeasible mechanisms, joint overlap, and unsafe interference with the patient.
Infeasible mechanisms occur when the links are not sized correctly in relation to each other
to create a complete loop. When this happens the angle G, AB or £CDE across the
quadrilateral formed by the links of one of the four bars that make up the six bar in Figure 12
is a complex number. Any solution with complex angles in any configuration during its
motion along the path was given a large penalty to its fitness so it was very unlikely to be

considered a good solution. The equation for the constraint is:

Jr = K¢ Xt (top + bottom), (7



30

where K¢ is the feasibility coefficient, upper refers to the four bar consisting of nodes DACE
in Figure 12, and lower refers to the four bar GABG;: in the same figure. If an angle related to
either the upper or lower four bars is complex the respective variable is given a value of one,
otherwise both variables equal zero and no penalty is added for that configuration.

The penalty for joint overlap keeps all the joints at least 10 mm apart. Since the
bearings in the mechanism will have a 6.35 mm outer diameter a minimum of about a 3.65
mm of material will separate the bearings. These dimensions follow the practice used in
designing FINGER [40].

The joint overlap was calculated using the Euclidean norm between each unique joint
at each step of the mechanism during rotation. At each step, any distance greater than 10 mm
was ignored. If distances less than 10 mm were found, the difference between 10 mm and the
smallest value was returned to be used in the penalty. In this manner, joint differences less
than 10 mm increased the value of the objective function. So the total joint overlap penalty is
defined as:

Jio = Kjo Ztq max[X5_; max(0,of fset — |Pp,i— Ppiv1 )], (8)
where Kj, is the penalty coefficient, offset is the threshold joint difference, and the location
of each joint is P. The thumb interference penalty kept all the mechanism joints, with the
exception the nodes M and M on the end effector, above the thumb by at least 10 mm. This
penalty prevented any part of the mechanism from intersecting the thumb during motion.
This keeps use of the robot comfortable and safe for the patient.

Since the markers were already about 5 mm off the back of the thumb, the 10 mm
total offset from the back of the thumb was achieved by adding a 5 mm offset to the original

position of the markers. After the mechanism synthesis the end nodes on the end effector, M
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and M, are approximately positioned 5 mm off the back of the thumb since those nodes
tracked the markers which were displaced 5 mm from the back of the thumb. This provided
space to construct the thumb interface during the mechanical design of the exoskeleton.

The distance between the other nodes and the plane of the markers was calculated in
each configuration using the three dimensional Euclidean distance. If any of those distances
were less than 5 mm, the difference between 5 and that distance value was summed to be
multiplied by the penalty factor. So the total penalty for thumb interference is the sum of the
product of the summed distances and the penalty coefficient through all eleven
configurations is defined as:

Jei = Ke Xk 1 X max(0, of fset — [Ty - P |/ Tnil), ©)
where Kj; is the thumb interference penalty, offset is the threshold displacement, T is the
location of a point on the thumb plane, and P is the location of a joint. The mechanism was
kept off the back of the wrist or arm in a similar manner. Specifically, the distance between
the height (in the z-direction) of the bottom marker, T, in full flexion (the lowest position of
the thumb) and every joint in the mechanism in each configuration was calculated. Any
negative distances were summed and added to the penalty equation for each configuration.
So the total penalty to keep the mechanism above the hand is the sum of the sum of all the
distances between the marker and each joint when the vertical joint position is less than that

of the marker in all eleven configurations as defined by:
Jh= 1111=1 Z:(iazl max (0, min(zthumbl) - Zjointn'i)a (10)
where zmumb s the vertical position of the thumb and zjoint is the vertical position of the joint

In addition to the penalties used to control mechanism behavior, bounds were placed

on the mechanism parameters. These bounds ranged from -120 to 150 for all variables. The



32

units are millimeters for the structural variables and radians for the angles. This range gave
freedom to the angle variables to go around the unit circle as necessary, while placing hard
stops on the lengths of the mechanism parameters keeping the mechanism size and position
in the mechanism plane reasonable.

A pure random search method was used to examine as many potential solutions as
possible. In order to avoid wasting computational time attempting to synthesize significantly
infeasible mechanisms the initial conditions for the solutions were generated between set

bounds. These bounds were specific to the type of parameter and are shown in Table II.

Table Il. Parameter bounds for initial conditions.

Bounded Initial Conditions

Parameter Min Max
Gx and Gix 0 mm 80 mm
Gy and G1y 0 mm 50 mm
Length (d1-7) 30 mm 80 mm
Px 0mm 20 mm
Py 40 mm 50 mm
P 30 mm 40 mm
Structural angles (a, B, v, v2) 0 /3

A few parameters had values that were known to be close to a specific value.
Consequently, these parameters were not randomly generated. Instead they were fixed at the

values shown in Table I11.

Table I11. Parameters for fixed initial conditions.
Fixed Initial Conditions
Parameter Value
Input angles (01) 0
Euler angles (a, B, ) 0.014, 0.13, 0.146
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Chapter 4. Mechanism Selection

4.1 Introduction and Criteria

The procedure of mechanism synthesis found many unique local minima producing a
large number of distinct solutions with a total error between 17 and 18 mm. For all these
potential solutions, the error was mostly the result of out of plane error. However, selecting a
final solution for the exoskeleton mechanism from the potential solutions required
considering various design criteria. The process of selection was iterative as the solution
selected from the first mechanism synthesis process was used as a foundational seed for a
second round of focused mechanism synthesis to find the solution selected for the initial
prototype.

The selection of a mechanism solution is driven by both kinematic and mechanical
design requirements. Kinematic requirements include continuous movement and that
solutions exist outside the space occupied by the housing for FINGER. Mechanical design
requirements are largely regulated by routing the mechanism links so that they clear each
other during the entire mechanism motion.

Designing the links so that they clear each other can create complex link geometry.
This geometry can make potential solutions unsuitable for design. Some solutions have links
that are so compact that no space exists to easily rout the links around each other. Other
solutions have joints that transect links too significantly in certain mechanism configurations
to be reasonably accommodated. Another non-viable link geometry requires links to be
routed through the patient or the housing for FINGER to clear other links.

Mechanical design issues unrelated to link clearance include solutions that place the

exoskeleton between the base joints G and G and the thumb. This arrangement requires a
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large addition to the driving link to provide an attachment point for the actuator to maintain
the predicted mechanical advantage for the mechanism. Another problem is the drive link
being located in a manner that would require the actuator to intersect the housing for
FINGER or if the drive link is surrounded by other links in a way that made attaching an

actuator difficult.
4.2 Mechanical Advantage

An important criterion for the exoskeleton is its mechanical advantage. Since the
linear actuators used on FINGER and planned for use with this exoskeleton are not geared,
the mechanical advantage of the mechanism is the only avenue for force amplification.
Therefore, it is important to find the mechanism with geometry that provides a relatively high
mechanical advantage compared with the other potential solutions in the necessary
mechanism positions. In this case the mechanism needs higher mechanical advantage in
extension to counteract the tone frequently present in the hand of a patient.

The mechanical advantage over the range of the motion of the mechanism was
evaluated by velocity analysis. Two unique curves were found by comparing the velocity of
the top node of the input link with the output velocity of the end-effector nodes M and Mo.
The velocity of the nodes was approximated by discretizing the movement of the mechanism
and evaluating the change in distance of the nodes over incremental steps. Figure 13 shows
the variables associated with calculation of the velocity of the nodes, and thus the mechanical

advantage profile.
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Figure 13. Figure describing calculation of mechanical advantage. S is the stroke length. E is the distance from the actuator
pivot to the attachment of the actuator to the exoskeleton. L is the lever arm length. The total transmission angle is 0.

All the potential solutions were evaluated using dimensions from the linear actuator
that will be used once the final mechanism is manufactured. These dimensions include a
stroke length (S in Figure 13) of 142 mm. The distance from the actuator pivot point to the
attachment of the actuator to the exoskeleton mechanism (E in Figure 13) is 110.9 mm. The
stroke length was used along with the travel angle of the solution (6 in Figure 13) to find the
distance from the base node G to the attachment of the actuator to the mechanism using the
law of cosines. After this, the angle 0 was discretized into 1000 angles that were input into
the mechanism kinematic equations to find the linear displacements of the input and output
nodes. Then these displacements could be used to determine the mechanical advantage
curves by dividing the input node’s displacement uniquely by each of the output nodes’
displacements.

4.3 Results

Very few of the solutions initially found during the mechanism synthesis process
were viable. Many mechanisms had low mechanical advantage in extension or alternatively

had a mechanical disadvantage in flexion. A few solutions had very discontinuous motion,
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while others had the driving link surrounded by other links in a manner that would make it
impossible to attach an actuator. Problems associated with routing the links so that they
cleared each other disqualified several other mechanisms. Still other solutions placed the
exoskeleton between the base nodes and the thumb. Also, several solutions would have
intersected the housing for FINGER.

Three solutions with good mechanical advantage appeared to meet the criteria
discussed above. Those solutions are shown in extension below in Figures 14, 15, and 16
along with their end-effector trajectories overlaid onto the thumb trajectory. Both a front and
a side view are shown for each mechanism. For future reference, the solution in Figure 14
will be referred to as Solution A, while the solutions in Figures 15 and 16 will be referred to

as Solutions B and C, respectively.
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Figure 14. Front and side views of Solution A in full extension. The red dots trace the end effector path for all 11
configurations while the blue x’s and o’s trace the target path. All units are in millimeters.
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Figure 15. Front and side views of Solution B in full extension. The red dots trace the end effector path for all 11
configurations while the blue x’s and 0’s trace the target path. All units are in millimeters.
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Figure 16. Front and side views of Solution C in full extension. The red dots trace the end effector path for all 11
configurations while the blue x’s and 0’s trace the target path. All units are in millimeters.
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The mechanical advantages for all three solutions are overlaid on Figure 17 below.
The blue and green lines represent the mechanical advantage for nodes M and M2 on the end-
effector respectively. Solution A is represented by the solid line, while Solutions B and C are

represented by the dashed and dotted lines respectively.

Mechanical Advantage

1 1 F
0 10 20 30 40 50 60 70 80 90 100
Full Extension %Flexion Full Flexion
Figure 17. Mechanical advantage plot for three best mechanism solutions. The selected solution (A) is the solid line, while B
is the dashed line and C is the dotted line. The blue lines represent the mechanical advantage evaluated at node M on the
end-effector. The green lines represent the mechanical advantage evaluated at node M2 on the end-effector.

Solution C has a slightly higher mechanical advantage in extension. Still, in full
flexion its mechanical advantage begins to fall off more steeply than the other two solutions.
Solution A has a somewhat linear slope over the majority of its range. Solution B has a large
increase in mechanical advantage in flexion. Overall, though, the mechanical advantage
profile for all three solutions was relatively similar.

Unfortunately, a closer inspection of all three solutions revealed that certain
configurations placed some joints in troublesome locations. These locations would require

thin links to avoid link intersection that would make the mechanism fragile. Since these
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solutions were the best results from the mechanism synthesis, the next step was to select one
and probe the search landscape around that solution for a more favorable result. Solution A

was selected for the re-optimization since it had only one link that was significantly affected,
while the other solutions had multiple links affected.

The values for this solution that were used as seeds in the refined optimization are in
the tables below. The first column contains the lengths of each link in the structure. The
second column contains the four structural angles. The third column shows the planar
Cartesian coordinates of the location of the base nodes. The last column has the input angles

for each configuration of the mechanism in order.

Table IV. Mechanism parameters and input angles for initial solution.

Structural Lengths (mm) | Structural Angles Base Locations Input Angles
(radians) (mm) (radians)
di =  55.8578 a = 0.3823 | Gx = 0.8683 | 611 = 1.6124
d2 = 39.6236 B = 47854 | Gy = 171366 | 0.2, = 15027
d3 = 79.7031 Y1 = 04849 |Gix = 175382 |63 = 1.4002
ds = 57.8664 Y2 = 10044 |Gy = 246847 |64 = 13010
ds = 87.9099 Bi5 = 1.2065
ds = 77.0666 06 = 11156
ds =  37.2628 0,7 = 1.0257
ds = 13.1520 B8 = 0.9302
dg = 22.6555 B9 = 0.8294
0110 = 0.7210
0111 = 0.5980

The next table contains the three-dimensional location of the mechanism plane in the
first column along with the Euler angles that defined the orientation of the plane in the

second column.

Table V. Plane parameters and Euler angles.

Prismatic Lengths (mm) Euler Angles (radians)
Px = 6.0161 o = 0.7944
Py = 20.9114 B = 0.2754
Pz = 17.7076 Y = 6.1246
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In an effort to increase the space between the links, the threshold distance between
the joints during the re-optimization was increased from 10 mm to 13 mm. The change to 13
mm was chosen as it would allow for increased link thickness to meet the strength
requirements for the mechanism. The search was directed around the original solution by
randomly generating a uniformly-distributed value around each parameter from the original
solution. The new value was kept close to the seed value by setting the mean of the uniform
distribution as the original value and setting the standard deviation of the distribution to be
one tenth of the original value. This procedure found many potential candidates. The solution
with the highest mechanical advantage also appeared to have the necessary joint space for
manufacturing so it was selected. The profile for the mechanical advantage of the chosen

solution is shown in Figure 18.

Mechanical Advantage

1 1 I 1 i " 1 I
0 10 20 30 40 50 60 70 80 90 100
Full Extension %Flexion Full Flexion
Figure 18. Mechanical advantage plot for the selected mechanism solution. The blue lines represent the mechanical
advantage evaluated at node M on the end-effector. The green lines represent the mechanical advantage evaluated at node
M2 on the end-effector.
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The mechanism found by this optimization procedure and selected for further design

work has the parameters specified in Table V1. Table VII shows the parameters for the

mechanism plane. Figure 12 shows the location of each parameter on the mechanism.

Table VI. Mechanism parameters and input angles for final solution.

Structural Lengths Structural Angles Base Locations (mm) | Input Angles
(mm) (radians) (radians)
dy =  46.6757 | a = 0.3489 | Gx = 0.3660 |01 = 1.9792
d2 =  28.8466 | B = 48025 | Gy = 18.9935 | 612 = 1.8464
d3 =  66.7359 | 1 = 1.0868 | Gix = 16.0884 | 613 = 1.7280
ds = 50.8125 | v2 = 0.6699 | Gy = 19.5264 | 014 = 1.6201
ds =  73.4167 015 = 1.5236
ds = 720971 016 = 1.4345
ds =  34.8915 07 = 1.3491
ds = 13.1845 018 = 1.2622
dog =  13.0000 B9 = 1.1725
0110 = 1.0760
011 = 0.9614

Table VII. Plane parameters and Euler angles.

Prismatic Lengths (mm) Euler Angles (radians)
Px = 49102 o = 0.6428
Py = 20.3295 B = 0.2681
Pz = 15.9834 Y = 6.2723

Figure 19 shows both the geometry of the mechanism and how it matched the target

points as it passed through all the configurations. The following plot shows a front view and

a side view of the mechanism solution. Only the full extension configuration is shown in

each plot with the mechanism. The trajectory of the mechanism is shown by the red dots

which track the blue x’s and o’s that represent the target points corresponding to the thumb

markers.
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Figure 19. Front and side views of selected solution in full extension. The red dots trace the end effector path for all 11
configurations while the blue x’s and o’s trace the target path. All units are in millimeters.
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The overall error for the mechanism was approximately 16.8 mm. When averaged

over all 22 points, the error was 0.76 mm. Overall, the error for node M is lower with a mean

error of 0.63 mm, while the mean error of M2 is 0.89 mm. The error also varies less for node

M, as it has a standard deviation of 0.41 mm, while node M2 has a much larger deviation of

0.91 mm. These deviations are due to the out-of-plane motion of the thumb. This is expected

since a planar mechanism is being fit to the non-planar motion of the thumb.

Figure 20 shows the overall error for each end-effector node for all 11 configurations

along with the out-of-plane error. The errors for the lower nodes of the mechanism end-

effector (M) are greatest in extension while the errors for the upper nodes of the mechanism

end-effector (M) are greatest in flexion as the bar graph in Figure 20 goes from extension to

flexion.

mm
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Figure 20. Absolute value of total error and signed out-of-plane error for upper and lower nodes of end-effector

for all values are millimeters.

. The units
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Figure 21 shows two views that depict the out-of-plane nature of the error. The planar
motion of the exoskeleton is represented by blue symbols, while the thumb target points are
represented by green symbols. Figure 21 confirms most of the error occurs closer to full

extension and flexion with the upper node M (the blue square path) having most of the error.
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Figure 21. Location of the end-effector nodes in blue versus the thumb target points in green. The first subplot is taken from
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Chapter 5. Mechanical Design

5.1 Introduction

In order to demonstrate the viability of the mechanism design solution presented in
the previous chapter and provide a baseline for future design work, an initial prototype was
designed and manufactured. This chapter details the design and manufacturing process used
to produce that prototype. Several factors guided this process. First, the prototype was meant
to highlight any potential manufacturing issues which had not been addressed by the
kinematic design process. The interface between the robot and the thumb and the robot and
the actuator is also explored with this initial prototype. Another important consideration for
the prototype is the attachment of the exoskeleton to the FINGER robot. Finally, the
prototype provides a device for initial testing to inform the future development of the

exoskeleton mechanism.
5.2 Design Objectives

While the optimization procedure screened many important manufacturing issues for
the mechanism such as feasibility and the distance between joints, not every issue is practical
to control with constraints and penalties or is even foreseeable. Even with the joint distance
penalty, it is conceivable that the required geometry of a potential solution might lead to thin
links that would fail during use. Another consideration for the design of the mechanism is the
placement of mechanical stops that prevent over-extension or over-flexion in the case of
failure of digital safeties. In addition, the driving link needs to be designed to attach to the
actuator. This attachment node needs to be located in a manner that maximizes the
mechanical advantage of the actuator, while not interfering with the function of the

exoskeleton.
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The location of the actuator is also a critical factor in the attachment of the thumb
exoskeleton to FINGER. The actuator needs to be placed in a manner that maximizes the
mechanical advantage, but not at the expense of significantly increasing the footprint of the
FINGER robot or interfering with FINGER. The overall package of the exoskeleton and the
actuator is ideally modular. This simplifies the addition of the thumb mechanism to the
FINGER robot and could also lead to straightforward switching between right-handed and
left-handed therapy. Of course, the module needs to remain out of the way of the patient both
for safety reasons and to ease the process of donning the mechanism.

The interface between any rehabilitation robot and the limb that is being trained is
critical. As such, the end-effector of the mechanism needs to fit the thumb, and ideally a wide
range of thumbs, comfortably. Another factor that influences the usefulness of the robot-
thumb interface is the ease of securing the thumb. This factor takes into account both the ease
of placing the thumb in the cup and the method of securely fastening the thumb once it is
placed in the cup. Comfort for the user is also important. Another aspect of the design of the
interface between the thumb and the exoskeleton was the desire to make it easy to prototype.

The base of the exoskeleton needs to be designed in a manner that allows it to be
attached to FINGER. This attachment needs to keep the thumb exoskeleton out of the way of
both the patient and FINGER. Ideally the attachment uses some of the existing architecture
of FINGER to minimize modifications to FINGER. Other desirable attributes for the
attachment include the ability to switch between right- and left-handed therapy and

adjustability to fit different patients.
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5.3 Design Results

The exoskeleton mechanism that fulfilled these design objectives was designed in
Solidworks. A prototype was created out of Polylactic Acid (PLA) using additive

manufacturing (3D printing) on a Makerbot Replicator 2 to demonstrate the effectiveness of

the design and provide a platform for initial tests. The prototype is shown in Figure 22.

Figure 22. Full rapid prototyped mechanism with exoskeleton and adjustable base shown attached to a mockup of the
housing for FINGER.

All the joints are designed to contain a quarter-inch bearing while having enough
material around them to avoid failure. This follows the design which generally proved viable
on FINGER [40]. The links are separated into inner and outer links. The inner links include
the driving link and the end-effector to simplify the design of the attachment to both the

thumb and actuator. The inner links are a quarter of an inch wide, while the outer links are an
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eighth of an inch wide. The links are connected using eighth-inch shoulder bolts which run

through two flanged quarter-inch bearings in the inner links. The shoulder bolts fasten into

thin nuts inset in hexagonal cutouts on the backside of the outer links. This provides a more
reliable fastening method than threading the plastic.

To prevent over-flexion, the base inner links were designed to contact each other at
the end of flexion. Over-extension is prevented by contact between the middle base link and
the end-effector link. The inner links have both hard stops due to their larger relative
thickness compared with the outer links and to avoid excessive shear loading on the bearings.
The extension hard stop is shown in Figure 23 and the flexion hard stop is shown in Figure

24 with the area of interest outlined by a red circle in each figure.



Figure 23. Mechanical contact in outer links preventing over-extension outlined in red.
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Figure 24. Mechanical contact in outer links preventing over-flexion outlined in red.

The design for the interface between the exoskeleton and the thumb is based on the
finger cups used on FINGER. While FINGER has partial cups to provide directional support
to the fingers during rehabilitation, the thumb interface is implemented as a complete semi-
cylindrical cup to maximize contact with the back of the thumb. It is hoped that this design
will enhance user comfort and the control of the thumb. While FINGER uses a ratcheting
mechanism to hold the fingers in the cups, a simple hook and loop strap is used for this

prototype due to its convenience. A close up view of the thumb cup is shown in Figure 25.
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Figure 25. Close-up of interface between thumb and mechanism featuring a hook and loop strap.

The base for the thumb-exoskeleton mechanism is designed to be an add-on module
that holds both the mechanism and the actuator, while it attaches to the existing architecture
of FINGER. As presently designed, the module permits transverse and sagittal adjustment,
but relies on the wrist height adjusting mechanism built into FINGER for vertical adjustment
to accommodate various hand sizes. The three parts that make up the module are shown in

Figure 26.
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Figure 26. The thumb add-on module. From left to right: the base plate that attaches to the housing for FINGER, the
intermediary component, the base for the thumb exoskeleton.

The first piece of the module is a plate that mounts to the top surface of the housing
for FINGER. It is fastened to FINGER by bolts that attach to the actuator housing for
FINGER. These bolts run through slots in the plate to permit sagittal adjustment. The plate
also has a diagonal pair of slots on its top and bottom surface to allow both transverse and
sagittal adjustment of the thumb exoskeleton. The angle of the slots is within the range of the
angle between the exoskeleton plane and the housing for FINGER.

A second component bridges the gap between the plate and the base for the
exoskeleton. This component contains a flange that runs in the diagonal slot of the plate. Two
bolts run through this flange and are attached to nuts that are set in the slot on the base of the
plate to fix the position of the intermediary component. A slight flange is part of the interface
of the intermediary component with the base for the thumb exoskeleton to remove slop from

that connection.
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The base for the thumb exoskeleton is attached to the intermediary component by two
bolts. The base for the exoskeleton is designed with minimal material beyond and below the
location of the bolts for the base of the exoskeleton to avoid any potential contact with the

thumb of a patient. A rendering of the full add-on attached to FINGER is shown in Figure 27.

Figure 27. Rendering of the thumb add-on attached to the housing for FINGER.

Another component of the mechanical design of the exoskeleton is the location of the
actuator attachment. This is primarily constrained by two parameters. These parameters are
the length of the moment arm determined by the original mechanical advantage analysis and

the location of the actuator relative to the housing of FINGER. The goal of this aspect of the
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design is to find an attachment point that will keep the actuator clear of the housing of

FINGER, while enhancing the mechanical advantage of the mechanism.

The first step in finding the ideal location for the actuator attachment is to determine
the effect of displacing the pivot point for the actuator above and below the horizontal line
between the actuator attachment node in full flexion and full extension. The displacement of

the pivot point is represented by Ay in Figure 28.

6

N

Figure 28. Figure describing calculation of mechanical advantage when the actuator pivot is offset. S is the stroke length. E
is the distance from the actuator pivot to the attachment of the actuator to the exoskeleton. L is the lever arm length. The
total transmission angle is 0. The offset is Ay.

A plot for the analysis of the offset mechanical advantage is shown in Figure 29. The
plot shows both the mechanical advantage of the mechanism in extension as a solid blue line
and the mean mechanical advantage for the mechanism over the complete motion of the

exoskeleton as a dashed red line.
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Figure 29. Change in mechanical advantage as pivot for actuator is changed vertically with the mechanical advantage in full
extension for node M as a solid blue line and the mean mechanical advantage as a dashed red line. The vertical displacement
is Ay in Figure 5.6.

From the plot above, peak mechanical advantage appears to occur when the pivot for
the actuator is located about 55 mm below vertical, but the average mechanical advantage is
largest at only 15 mm below vertical. Realistically, any location between 25 and 40 mm
should be a reasonable compromise for a good overall mechanical advantage. Too large of a
vertical displacement deteriorates the mechanical advantage in flexion, making the large peak

extension value around 55 mm less desirable.

The position of the actuator with respect to the housing for FINGER makes selecting
a large vertical displacement more challenging. By selecting a vertical displacement of 25
mm, the mechanical advantage is preserved. Furthermore, this value avoids geometrical
issues with the actuator that would either require a re-design of the housing for FINGER or

difficult geometry with the links of the exoskeleton. When compared with the non-offset



59

mechanical advantage in yellow and cyan, the plot in Figure 30 for the mechanism with a
pivot displacement of -25 mm shows a significantly higher mechanical advantage in

extension without too much loss in flexion.

Mechanical Advantage
5 T T T T | T

1.5 -

1 | | | | | | | | |
0 10 20 30 40 50 60 70 80 90 100
Full Extension %Flexion Full Flexion

Figure 30. Mechanical advantage for mechanism with vertical displacement of actuator pivot point by 25 millimeters below
horizontal in solid blue and green plotted against mechanical advantage with no displacement in dashed blue and green.
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Chapter 6. Conclusion

6.1 Summary of Work

This thesis describes the design and initial prototype of a thumb curling exoskeleton
add-on device for the movement therapy robot FINGER. This process consisted of
characterization of the thumb motion, mechanism synthesis, mechanism selection, and
mechanism design and prototyping.

The thumb motion characterization process used a pair of cameras to track color-
based markers on the thumb using Matlab. These tracks were processed together to form a
three dimensional model of the motion of the middle phalanx of the thumb on the right hand.
This characterization of the motion of the thumb, guided the synthesis of a mechanism that
followed the trajectory and orientation of the middle phalanx of the thumb. The mechanism
synthesis process used function minimization to find the dimensions and angles of a Watt |
six-bar mechanism that closely follows the path of the thumb. Bounds on the optimized
variables limited the size of the mechanism. Penalties added to the objective function kept
the mechanism behind the thumb and kept the joints spaced apart.

Criteria such as manufacturability, geometric constraints, and mechanical advantage
analysis regulated the selection of a particular mechanism from the many solutions produced
during mechanism synthesis. Three solutions initially showed potential. The solution with the
fewest geometric issues was used as a seed for a second round of mechanism synthesis to
find the final solution.

Finally, a working prototype of the mechanism was designed along with a module to
attach the mechanism to the housing for FINGER. This module provides sagittal and

transverse adjustment to help fit the mechanism to various hand sizes. The design process



61

also includes mechanical advantage analysis to optimally position the pivot point for the
actuator. The mechanism was constructed using an additive manufacturing process. Two
components of the adjustable module were also constructed using three-dimensional printing.
The base of the module which attaches to the housing for FINGER was machined on a CNC

mill.
6.2 Discussion

Throughout the project decisions were made and assumptions were acted on that in
hindsight may have slowed or tempered the success of this project. These problems were
mostly present in two areas. These areas are the thumb path characterization and mechanism
synthesis aspects of the project.

In the thumb path characterization, the coefficients of determination indicated that the
curve fit worked well for each marker color, though it worked best for yellow, then blue, and
was worst for red, which had an R? of 0.976. However, the thumb motion could have been
more accurately tracked with a true stereovision system. A stereovision system would have
eliminated the need for a raised marker so the thumb plane could have been tracked directly.
This also would have kept all three markers closer to equidistant from the cameras
throughout the motion of the thumb, reducing the potential for error due to distortion.

Furthermore, if the internal model of each camera had been determined, basic
trigonometry along with the knowledge of the relative position of the markers to each other
could have potentially enabled measurement of the position of the markers along the
trajectory. This would have created a more precise set of tracking data than the composite of

the top and side views did.
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Despite the apparent accuracy of the curve fit, creating a true thumb model may have
been more useful. This would have required tracking the proximal phalanx of the thumb
along with the middle phalanx. By tracking both the proximal and middle phalanges of the
thumb, a relationship could be established between the angles of the two phalanges. This
would allow the movement of the thumb to be sampled using a set of input angles to the
proximal phalanx instead of a linear spacing of input points as was done in this project. A
thumb model could also be extended to work with a range of hand sizes and grasp motions.

For mechanism synthesis, the non-linear nature of the problem makes genetic
algorithms a more natural fit than gradient based algorithms, which need a slope to follow to
be most effective. In addition to replacing the gradient based algorithm with a heuristic
process, the kinematics of the mechanism were defined in a manner that largely forced the
mechanism to be classified as either feasible or infeasible. Again, problems without a defined
gradient are difficult for optimizers to solve. A better method may have been to use loop
equations and then minimize the separation between the joints in the loop along with
minimizing the error between the end-effector and the thumb points.

One aspect of the mechanical design that warrants attention is the offset mechanical
advantage. The analysis of the offset mechanical advantage showed only a small
improvement in extension despite a significant offset. This low reward does not merit the
sacrifice in design flexibility. Therefore, the offset should likely not be implemented in the
final design. Instead the focus should be on aligning the actuator in a manner that is simple to

use and adjust.
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6. 3 Future Work

This prototype is meant to be a functional starting point for future design work. There
are several areas in which this mechanism can be improved, and work still needs to be done
to make the mechanism fully functional in a clinical research setting. Initially, it would be
beneficial to do motion tracking for a variety of thumb sizes and grasp motions. The data
collected could be used to create a general thumb model that could be used for modifying the
mechanism to serve a variety of hand sizes, as FINGER does. It might also contribute to
designs of the mechanism that could be modified to control different grasp tasks, enhancing
the robot’s range of use for therapy and research.

Additionally, the design of the mechanism could be modified to more closely track
the out-of-plane motion of the thumb. This would eliminate the majority of the error between
the thumb and the mechanism. Two modifications that would coordinate this mechanism’s
capabilities with FINGER’s would be to add force sensing and design a method for easily
switching the mechanism between modes for the right and left hand. Final work on the
mechanism will involve manufacturing a therapy-grade device out of aluminum and
designing the attachment of the actuator to the module and the exoskeleton in order to make
the device fully operational. Another good modification to the prototype would be to
incorporate FINGER’s ratchet mechanism for the attachment of the robot’s finger cups to the

thumb.
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This table contains the pairs of target points for mechanism synthesis. These 11 pairs

of points were sampled from the thumb path characterization results. All units are in

millimeters.

T T>
X y z X y z

-50.1457 | 19.8441 | 23.8259 | -41.403 | 22.7307 | 33.3084
-46.8592 | 23.0552 | 24.4624 | -38.0609 | 26.0639 | 33.8551
-43.6611 | 26.2167 | 24.3967 | -34.716 | 29.3811 | 33.5975
-40.5606 | 29.3175 | 23.6524 | -31.3744 | 32.6755 | 32.5418
-37.5681 | 32.3459 | 22.2682 | -28.043 | 35.9401 | 30.6966
-34.6906 | 35.2946 | 20.304 | -24.7279 | 39.1716 | 28.0757
-31.9198 | 38.1717 | 17.8443 | -21.4303 | 42.3774 | 24.6976
-29.2087 | 41.0188 | 14.9901 | -18.137 | 45.5888 | 20.5775
-26.4394 | 43.9308 | 11.8161 | -14.8107 | 48.868 | 15.6997
-23.4138 | 47.0437 | 8.2824 | -11.4005 | 52.2862 9.98

-19.93 50.4645 | 4.1612 -7.8962 | 55.8582 | 3.2785
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Appendix B. Six-Bar Kinematics

These equations are a completion of Equation (5) and use the variables shown in
Figure 12 to describe the motion of each node in Figure 12 using forward kinematics and

constraints.
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