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Abstract—This paper reports the integration of a kinematic
model of the human hand during cylindrical grasping, with
specific focus on the accurate mapping of thumb movement
during grasping motions, and a novel, multi-degree-of-freedom
assistive exoskeleton mechanism based on this model. The model
includes thumb maximum hyper-extension for grasping large
objects (~>50mm). The exoskeleton includes a novel four-bar
mechanism designed to reproduce natural thumb opposition and
a novel synchro-motion pulley mechanism for coordinated finger
motion. A computer aided design environment is used to allow
the exoskeleton to be rapidly customized to the hand dimensions
of a specific patient. Trials comparing the kinematic model to
observed data of hand movement show the model to be capable
of mapping thumb and finger joint flexion angles during grasping
motions. Simulations show the exoskeleton to be capable of
reproducing the complex motion of the thumb to oppose the
fingers during cylindrical and pinch grip motions.

I. INTRODUCTION

Today, stroke is the single most common cause of severe
disabilities in the developed world, with over 130,000 new
cases each year in the UK alone [1, 2]. Although the majority
of stroke victims survive at least a year, over 1/3 sustain
moderate to severe disabilities relating to speech, concentra-
tion, cognition or movement [1], including partial or complete
motor limitation in the extremities [3, 4, 5].

Hand function is often impaired after stroke [3] and it
has been specifically reported [6] that the majority of stroke
patients starting rehabilitation face significant impairment of
at least one arm, with only 14% actually recovering sensory-
motor function. Recent reports have also put forth the premise
that arm and hand function are actually more important than
mobility for patient independence in everyday life [6] with [7]
stating the use of the hand for grasping an object to manipulate
it is a critical part of regaining independence.

Work by Napier [8] and Landsmeer [9] on the prehensile
movement of the human hand indicates the grasping motions
of the hand consists of two basic patterns, power grip and
precision grip/handling. All other specialized motions can
be derived from these two basic patterns depending on the
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purpose of the action [8]. Current physio and occupational
therapy practices feature the cylindrical and pinch grips heav-
ily during rehabilitation, this reflects their importance as a
patients recovery of these motions facilitates a greater level
of independence and subsequent quality of life.

Effective post stroke therapy encourages the patient to use
the affected limb to complete repetitive, task specific training
tasks in order to regain coordinated motor control of the
affected area [10]. Robot assisted therapy has been shown
to increase the effectiveness of therapy in both the range of
motion and the coordinated control of limbs when compared
to traditional methods alone e.g. [11, 12]. However, the human
hand is a very complex structure consisting of 16 joints with
22 degrees of freedom and is capable of incredibly fine and
dexterous movements. This complexity can be seen in figure
1 and makes the design of a rehabilitation device a difficult
task. The terms and abbreviations for describing the bones and
joints of the hand as used in this paper can be found in [13].

Figure 1. The Human Hand. Modified from [14].

Several devices have been developed with the aim of in-
creasing patient hand function following stroke 1. While these
devices aim to rehabilitate hand function, with the exception
of [20] none of the devices listed model the hand as part of
there design or operation. Furthermore, many of the devices
are bulky being either table mounted or fitted to a robotic
manipulator e.g [20]. Everyday grasping function is restricted
in [29] by the mechanism occupying the palmer side of the
hand preventing objects being grasped. A number of devices
e.g. [28, 17, 27] have been designed to fit on the dorsal
side of the hand but require adjustment mechanisms to fit
different hands which can increases weight. As such it is
believed none of the devices fully satisfy the required criteria
for being used external to a clinical setting in everyday living.

1[11, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29]
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It is the opinion of the authors that the next logical step
in rehabilitation devices for the hand will be to make them
useable in everyday situations away from hospital settings and
to furthermore have designs specifically tailored to a patients
physiology matching the hands natural motion and ability.

Research to date has enabled the calculation of fingertip
trajectories, the workspace and kinematics of the hand and the
bio-mechanical structure of the hand 2. Thumb MCP motion to
oppose the fingers during grasping for use with a haptic device
has been modelled by [37] with [36] modeling thumbtip force
via a kinematic description of the thumb. The axis for the
thumb MCPs opposition are predicted by [38].

The kinematics developed in the models of [35, 32] used
observed motion data from a subject in order to reproduce the
trajectory. This work has developed a model that can predict
the natural motion for a healthy hand of any size without
first having to observe hand motion. This approach was taken
by Huang et al [20] who developed a kinematic model of
the cylindrical grasp for use in the design and operation of a
rehabilitation device. However, their model gave less attention
to the motion of the thumb to oppose the fingers.

Cylindrical and pinch grips depend on the abducting and
rotation motion of the thumb at the CMC joint to oppose the
fingers [8, 39]. In addition the ability to abduct the thumb
is essential for shaping the hand during reaching to grasp an
object [40]. Weakness and impaired motion of the thumb is
often responsible for difficulties experienced [41, 42] and as
a consequence training palmer abduction and rotation of the
thumb receives particular attention in physical therapy [43].

As the thumb has such an important dynamic role in reach
to grasp and in grip formation a device for rehabilitation is
required to guide the thumb from its starting neutral position
into the opposed position. Hence the modelling of this motion
is of significant importance. This work extends the results of
[37] by including further anatomical information from [14]
to calculate the orientation and trajectory of the joint relative
to the finger digits which is then used to optimize a novel
mechanism for controlling the motion of the thumb.

The goal of this study was to develop a parameterized
kinematic model of the cylindrical grasp by a healthy human
hand while using parameters that are readily obtainable from
patients such as hand length, breadth and joint thickness. This
allows for the trajectory of each joint to be calculated for
any size of hand. Knowing the correct trajectory of the hand
required for grasping an object, a rehabilitation device will
be able to compensate for any deficiencies present in the
coordination of the joints that would inhibit successful reach
and grasping of an object in everyday living. It is hoped that
by aiding in the coordination of the joints for grasping during
post stroke therapy, the time taken for a patient to regain
successful hand function will be reduced thus increasing a
patient’s independence and subsequent quality of life. The use
of parameterization creates the potential for a device to be
manufactured to fit an individual’s specific physiological needs
maintaining the patient orientated methodology of this project.

2[30, 14, 31, 20, 32, 33, 34, 35, 36]

II. METHODS

The assumptions regarding the bio-mechanics of the hand
and the subsequent kinematic model can be found in [13]. All
assumptions are kept constant in this paper with the exception
that the distal phalange does not lie perpendicular to the radius
of the object as in [13] but is considered to have tip thickness
equal to half the DIP thickness shown in figure 3.

A. Thumb Model Assumptions

1) Aligning Thumb Carpal - Metacarpal segments: The
model assumes that when the thumb lies in the relaxed position
the carpal and metacarpal bones align as shown by figure 2
(A). The approximate CoR (Centre of Rotation) of each of
these segments are calculated using the method described by
Buchholz et al [14] and further refined by Huang et al [20]. To
simplify, the flexion/extension and abduction/adduction axis
are assumed to be orthogonal and intersecting contrary to [38].

2) Relaxed and Abducted Angles: The initial orientation
of the thumb carpo-metacarpal segment is assumed to lie at
350 to the plane of the palm as described by Taylor [34],
figure 2 (A). The carpal segment is then assumed to remain
fixed in this orientation with the metacarpal segment abducting
and rotating such that the angle between the effective segment
formed between the wrist CoR and the thumb MCP lies at
approximately 500 to the plane of the palm as shown by θAB in
figure 4. This value lies within the accepted range of 450−600
for the abduction angle of the thumb MCP joint [44, 20].

3) Thumb MCP Position During Grasps : It is assumed that
when relaxed the thumb MCP joint is orientated such that the
palmer side of the joint aligns on a plane perpendicular to the
trans radial and palmer planes and located at the radial side
of the index finger MCP joint as shown by the dot-dash line
in figure 2(B). When opposing the fingers during grasping the
centre of the thumb MCP joint is assumed to align on the
same plane but located at the centre of the index finger MCP
joint as shown by the solid line in figure 2(B).

4) Thumb MCP Rotation : Similar to [32, 34] the model
assumes the thumb rotates by 450 at the MCP joint as it moves
into opposition of the fingers of the hand, figure 2 (B).

Figure 2. A. The relaxed orientation of the hand with the thumb in the
neutral position. B. The MCP joints of the hand as if they were viewed from
the trans radial plane at the wrist and the motion of the thumb MCP joint as
it rotates from the relaxed position to the opposed position..
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5) Shift Between Large and Small Objects : In [13] the
thumb MCP and finger MCP joints from base contact points
with the object as it is grasped. It was noted that for large
objects the thumb reaches maximum hyper-extension and these
points shift to the finger MCP and the thumb DIP joints. As
the thumb MCP reaches maximum hyper-extension (≈ −100)
it is assumed to lock at this angle with the Wrist CoR to the
Thumb DIP considered to be a single segment, figure 3.

Figure 3. A. Kinematic model of the cylindrical grasp from [13]. B. Small
object configuration. C. large object configuration.

The grasping trajectory is constructed by iterating the kine-
matic model over a range of cylinders encompassing everyday
sized objects i.e. drinks cans or hand rails. Humans use visual
cues to estimate the size of objects in order to grasp them
correctly with the distal joints forming the encompassing shape
before the proximal joints rotate the structure to complete the
grasp [9]. However, it is believed the aforementioned method
will provide greater use in a rehabilitation device where prior
knowledge regarding the size of the object is unavailable. By
moving the hand along a path of decreasing cylinders it is
believed that as contact is made the hand will have the required
joint angles to form a successful grasp of the object.

B. Thumb Kinematic Model

Taking into account the assumptions above and in [13] the
kinematic model for the rotation and abduction of the thumb
to oppose the fingers is shown in figures 4, 5 and 3. Figure
4 shows the thumb as it moves to oppose the fingers for the
cylindrical grasp and is described by the equations 1 to 6.[

Wx
Wy
Wz

]
=

[
0
0
0

]
(1)

[
XF1

YF1

ZF1

]
=

[
Lci× cos(θCMC)

0
Lci× sin(θCMC)

]
(2)

[
XT1

YT1

ZT1

]
=

[
L7× cos(θREL)
L7× sin(θREL)
Ct× sin(θ2)

]
(3)

[
XT2

YT2

ZT2

]
=

[
(L6 + L7)× cos(θREL)
(L6 + L7)× sin(θREL)
ZF1 +

Tp
2

+ Wpk
2

]
(4)

[
XT3

YT3

ZT3

]
=

[
L9× cos(θAB)
L9× sin(θAB)

ZF1

]
(5)

θ3 = arctan(
YT 3 − YT1

XT3 −XT1
) (6)

Figure 4. Kinematic model of the thumb. W0, F1, T1, T2 and T3 represent
the [x,y,z] coordinates of the Wrist, Index MCP, Thumb Carpal and Thumb
MCP joint CoRs in the relaxed and opposed position respectively. Lci is the
index CMC length, Ct is the thumb carpal segment length and MCtr and
MCta represent the thumb metacarpal segment length in the two positions of
relaxed and opposed respectively. The line between T2 and T3 represents the
trajectory of the thumb MCP as it moves between the two orientations.

Figure 5. A. Kinematic model of the thumb motion as viewed from above.
The line between T2 and T3 shows the angle of the trajectory relative to the
index CMC (θM ). B. MCP motion viewed from the plane of the trajectory.

From figures 4 and 5 equations 7, 8 and 9 can be derived to
calculate the angle of the thumb’s MCP motion relative to the
palmer plane θM and the resulting path it follows as shown
by the right hand side of figure 5.

θM = arctan(
XT3 −XT2

YT3 − YT2
) (7)

Iterating from θI = θ3 → θREL generates the trajectory
as shown on the right in figure 5 where Ty is the y value and
Tx is the x value as viewed from the plane of the trajectory.

TX =
L8× sin(90− θM − θ3)

sin(90 + θM + θ3− θI)
(8)

TY =
√
MC2

t − TX
2 (9)

Figure 4 allows for the orientation and position of the thumb
carpal and metacarpal to be calculated when the thumb lies in
the opposed position. The two segments can then be described
as a single effective carpo-metacarpal segment calculated from
parameter L9 in figure 4 and shown as Lc in figure 3. With the
thumb CMC known, the kinematic model as shown by figure
3 can be used to calculate the joint flexion angles for a range
of cylinders. The parameter L is calculated for the index finger
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Figure 6. (Left) DIP and PIP bi-directional motion via antagonistic cables
and open-pulley configuration. Force applied to cable (i) around the bearing
at (iv) produces extension whilst force applied via cable (ii) around bearing
(v) results in flexion motion. Spacing at (iii) is set to prevent trapping of the
finger joint. (Right) Mechanism CoR axis coincident with finger joint CoR.

and the thumb and kept constant for all other fingers assuming
the object’s central axis lies perpendicular to the forearm. In
addition to the check for large objects a limit is placed on
the value of L to prevent it becoming too small which would
suggest the object has moved into the hand.

C. Exoskeleton Design

Existing exoskeleton devices do not satisfy all needs of
rehabilitation [17]. It is the opinion of the authors that the
design requirements for a rehabilitation device should include;
A lightweight design to promote greater use, dorsal mounting
to allow for tactile feedback during grasping, bi-directional
motion to allow for flexion and extension of each joint,
kinematics designed to match those of a healthy human hand
and the device must be able to deliver key natural hand
motions for functional tasks.

The device designed satisfies all of these requirements.
Dorsal mounted bi-directional motion is achieved through
the use of a novel ’open-pulley’ cable drive system. The
mechanism is designed parametrically using the kinematic
model developed above and in [13] such that the rotational axis
of the open-pulley lies coincident to its corresponding hand
joint, figure 6. Force transmitted around the joints CoR via the
cable and pulley means joint torque is constant throughout the
pulleys rotation as described by equation 10. The size of the
open-pulley is scaled using a patient’s hand dimensions so it
has as low a dorsal profile as possible, improving aesthetics
and reducing weight. Force transmission to the pulley is via
antagonistic Bowden cables manufactured from nylon cable
within a PTFE sheath. This configuration yields a lightweight,
flexible, low friction force transmission system.

The DIP and PIP joints operate using miniature bearings
placed laterally to the joints rotation axis, figure 6. For the
MCP joints this is not possible due to the nature of the
interaction of the joint within the palm so a slider mechanism
similar to [27] is used to create the open-pulley, figure 7.

Actuation for the device comes from braided pneumatic
actuators (BPA). BPAs have a high power to weight ratio at
the point of application which keeps the weight of the design
down. Mounting the BPAs proximally on the forearm close
to the elbow lowers the moment arm of the device improving
maneuverability for everyday use.

Figure 7. MCP bi-directional motion via antagonistic cables and open-pulley
slider configuration. As with the distal joints cables move around distal (i)
and proximal (ii) bearings to produce extension and flexion motions.

Figure 8. A. Hand functional zones. B. Synchro-motion pulley for zone 1.

The design of the device creates 14 degrees of freedom
for the flexion / extension of the finger joints of the hand
and thumb. Using 14 BPAs would require a larger number
of control valves and a more complex control scheme. The
solution was to divide the hand into functional zones and use
a synchro-motion pulley mechanism to coordinate the joints
within a zone, figure 8. The ratios of the pulleys within a zone
are calculated using the kinematic model and the mechanism
open-pulley radius of each joint. The zones were chosen so
that the maximum number of functional motions could still be
achieved while using fewer actuators, for example, changing
the ratio of motion between zones 1 and 2 alternates the
grasp between pinch and cylindrical. Furthermore the synchro-
motion pulleys promote passive self coordination of multiple
joints for a patient moving a digit within a functional zone.

For equation 10, K = finger index and J = joint index.

τKJ =
FBPA × SPRI

OPRKJ × SPRKJ
− Fr (10)

τKJ = torque at finger joint
FBPA = BPA force
SPRI = synchro-motion pulley input radius
OPRKJ = open-pulley radius at finger joint
SPRKJ = synchro-motion pulley radius for finger joint
Fr = friction
The opposing motion of the thumb requires a more complex

mechanism to match its natural motion. The devices in [20, 24,
22, 27] had mechanisms for controlling motion of the thumb
joints however the mechanisms were fixed in one orientation
with respect to the fingers. A mechanism for control of the
thumb MCP joint to oppose the fingers was proposed in [18]
but lacked the model to reproduce natural motion. A novel four
bar mechanism has been designed and optimized to match the
natural motion of the thumb as described by the kinematic
model above, figure 9.

Hard stops are designed into the device to prevent over
extension / flexion of any digit.
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Figure 9. Thumb four bar mechanism optimized to match the natural thumb
MCP motion. The mechanism is shown in the orientation of neutral (i) and
opposed (ii). The input pulley mechanism is shown by (iii). The angle of the
mechanism relative to the plane of the palm is shown on the right.

Figure 10. Hand exoskeleton including thumb four bar mechanism (top right)
and open pulley system for index finger (bottom right).

D. Testing - Validation

As in [13] the kinematic models accuracy was tested by
the direct observation of a subject with healthy hand motion
undergoing grasping exercises. Initially the thickness of every
joint of a subject’s hand was recorded using a modified pair
of vernier calipers as shown in figure 11 (C).

The experimental setup consisted of a tripod mounted digital
camera (Olympus C480z) orientated with the camera lens
parallel to the surface of a worktop, figure 11 (A).

Images were then taken of a single subject’s hand at the end
of each grasping motion for five different diameter cylinders
(41mm, 50.5mm, 66mm, 73.5mm and 89mm) located directly
below the camera as shown by figure 11 (B). Markers attached
to each joint allowed for surface flexion angles to be measured.
The experimental flexion data collected from the subject was
fitted with a second order polynomial so that the full natural
trajectory range could be plotted and compared against that
predicted by the model. A MATLAB script used the kinematic
model to generate predicted joint flexion angles for a range of
objects (40mm - 90mm radius). The specific values for objects
of the same dimensions as those used in the trials were then
extracted for comparison, figure 12.

Testing the four bar mechanism for the natural motion of
the thumb was conducted in a similar manner. The kinematic
model of the thumb motion predicts the angle of the trajectory
of the thumb MCP relative to the palmer plane. A camera
(Olympus C480z) was orientated as above, figure 11 (A). The
subject then rotated the thumb from the relaxed to the abducted
opposed position while ten images were taken of the motion.
Markers on the thumb MCP joint and the palmer plane allowed
for the angle of the motion to be extrapolated and compared to
the predicted value. The camera was then orientated towards

Figure 11. Experimental method for obtaining flexion angles during grasping.

the dorsal side of the thumb MCP joint from the trans radial
plane of the wrist at an angle equal to that measured from
the previous image data. Nine images were then taken of the
thumb as it moved through the predicted arc of motion from
relaxed to opposed. As before, a marker on the thumb MCP
joint allowed for the motion to be extracted and compared
against the models predicted trajectory, figure 13.

The four bar mechanism was synthesised by modelling the
kinematics of the mechanism using the link lengths calculated
to give the correct start and end positions of the predicted
motion of a healthy hand. A MATLAB script was used to
generate the trajectory of the mechanism located at the dorsal
mid point of the thumb MCP joint so that it could be compared
against the predicted and observed trajectory, figure 13.

III. RESULTS

The results here are from a single subject with hand
dimensions of 185mm hand length and 90mm hand width.

Figure 12 shows the experimental joint flexion angle data for
the index finger against that predicted by the kinematic model.
From the specific end point data gathered the average error is
4.28 degrees with a standard deviation of 3.29 degrees across
all end points. Figure 12 also shows the data gathered for the
thumb flexion angles against those predicted by the kinematic
model. For the thumb the average error is 4.82 degrees with a
standard deviation of 3.25 degrees. Cumulatively this produces
a model error for the index finger and thumb of 4.5 degrees
with a 3.27 degree standard deviation. Both the trajectories of
the thumb and the index finger have greater accuracy than the
results presented in [13].

The error between the predicted MCP trajectory angle (θM )
and that observed was found to be 1.2 degrees. Figure 13
shows the predicted and observed trajectories of the thumb
MCP along the plane formed by angle θM . Across each of
the nine points identified from the image data the vertical
error between the model and the experimental data was found
to be 1.2mm with a standard deviation of 0.77mm. The final
horizontal error between the end point of the predicted motion
and the experimental data is 0.14mm. Figure 13 also shows the
trajectory of the synthesised four bar mechanism. The vertical
error at the specific points between the mechanism and the pre-
dicted motion is 2.66mm with a standard deviation of 1.81mm.
The vertical error between the synthesised mechanism and the
natural motion of the thumb at the specific points is 3.27mm
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Figure 12. (Left) Index finger surface joint flexion angles. (Right) Thumb
surface joint flexion angles.

Figure 13. Thumb MCP motion results including four bar synthesis.

with a standard deviation of 1.21mm. The final horizontal error
between the mechanism and the predicted motion is 1.22mm
and 1.36mm against the natural motion.

IV. DISCUSSION

The hand model presented in [13] had an average finger
joint error of 4.6 degrees, the model presented here has made
an improvement upon this with an average error of 4.28
degrees but more significantly, the average thumb error in [13]
of 13.4 degrees has been reduced to 4.82 degrees. This result
suggests the model could be used to predict thumb joint flexion
angles. The modelling of the thumb’s MCP motion produces
promising results with a predicted thumb angle of motion
error of 1.2 degrees and an error of 1.2mm in the vertical
displacement of the motion along the plane of θM . The four
bar mechanism for moving the thumb has an error of 3.27mm
in vertical displacement so will require further investigation.

While the results presented above are encouraging there is
still error within the model and this has been attributed to three
mains factors:

1) Measurement inaccuracies during experimentation - The
method for obtaining joint flexion data as described
above allowed for the collection of joint surface angles
after post processing of the images, however, it is be-
lieved using direct measuring tools such as goniometers
may improve the robustness of the data.

2) Rotation of thumb distal segments - The thumb distal
segments also contain a rotation that was not accounted
for within the model. Adding this rotation into the
model could further improve the accuracy of the thumb
kinematics.

3) Small objects - A significant source of error can be seen
in the kinematic model for the index finger DIP and PIP
joints for small radius objects (~ <25mm radius). In the
same way that the model switches base contact points
for large objects when the thumb reaches maximum
extension it is believed that a second switch for small
objects where the base contact points switch to between
the thumb MCP and the finger PIP could improve the
accuracy. It is believed this is the main reason why the
observed flexion angles for small objects are less then
those predicted by the model.

V. CONCLUSION

This work reports the development of a kinematic model of
hand motion, with specific focus on the accurate mapping of
thumb movement to oppose the fingers during cylindrical and
pinch grip motions. These motions have been shown to be of
significant importance for normal hand functions and the re-
habilitation of hand movement following neurological damage
such as stroke [43]. A novel, multi-degree-of-freedom hand
exoskeleton has been developed based on parameters from the
model and incorporates a four-bar mechanism optimized to fit
the thumb motion of the model.

Despite an average joint flexion error of 4.5 degrees it
is believed the hand kinematic model presented here shows
improvement over previous models. With the significant im-
provement in thumb joint flexion angle error it is believed that
the model has the potential to be used for trajectory planning
for a rehabilitation device. However, as stated above, some key
improvements will be considered with the aim of improving
the accuracy of the model such as a shift in the base contact
points for small object (~ <25mm radius) grasping.

The kinematic model of the thumb’s motion developed here
has been shown to have a high degree of accuracy in prediction
the angle of motion and the trajectory of the thumb MCP joint
from relaxed to opposed with average errors of 1.2 degrees and
1.2mm in the angle and vertical displacement respectively. The
four bar mechanism has been fitted to match the relaxed and
opposed orientations of the thumb MCP and while it has been
shown to be able to match these configurations the trajectory
between the two positions has an error of 3.27mm. Further
optimisation of the four bar mechanism will aim to reduce this
error so that the trajectory closer matches that of the natural
thumb motion. Further experimentation with different subjects
will be required to test the scalability of the parametric model.

Using a computer aided design environment a novel hand
exoskeleton has been developed that is scaleable to a patient’s
specific hand physiology. A dorsally mounted, bi-directional,
open-pulley mechanism enables the rotation axis of the mecha-
nism to lie coincident with the natural joint CoR. The number
of actuators required for functional hand motions has been
reduced through the designation of specific functional zones
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of the hand and the design of a novel synchro-motion pulley
system. The exoskeleton design is capable of reproducing the
complex motions of the thumb during cylindrical and pinch
grip motions as well as a range of digit movements during
functional tasks for activities of daily living. A novel four-bar
mechanism has been shown to match the start and end points
of the thumb MCPs predicted trajectory but will need further
refinement to match the natural trajectory closer. Full testing
of the joint synchronization will also be required to determine
if the design can reproduce the natural motion of the hand
when fitted to a person.
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