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Abstract— Chronic stroke survivors lack sufficient outpatient
therapy, despite indications that more therapy at the chronic
stage can restore some function. Both insurance and physical
constraints on therapists prevent training in the home, most
likely where this activity would take place. Nevertheless, this
gap reveals a promising application for robots, low-cost home
care. A robot designed for home use needs to be inexpensive,
portable and safe. Earlier, we have explored a type of compliant
variable transmission known as the MARIONET (Moment arm
Adjustment for Remote Induction Of Net Effective Torque). The
proof-of-concept, behaving similar to a rotary Series Elastic
Actuator, has been found suitable for low-cost, light weight
applications. This paper discusses further analysis of the single-
joint MARIONET and proposes the design for the new planar,
upper extremity two-joint manipulandum for clinical and home
use.

I. INTRODUCTION

For most stroke survivors, the need for rehabilitation after
outpatient care doesn’t go away. Outpatient therapy ends
after 2-6 months. Yet research has indicated that even during
the chronic stage, potential for motor recovery is not lost
[1],[2],[3]. Since insurance will not pay for therapists to
work with chronic patients, we can look to robots to fulfill
this need. Unfortunately, few robots currently exist that are
affordable and portable enough for patients to take home or
even for widespread use in clinical settings. In addition to
low cost and small size, a robot made for private use must
be able to mitigate any safety concerns.

Initial applications of robotics have focused on position-
controlled industrial applications, not necessarily fit for hu-
man interaction. Zinn et al. examined the combination of
robot arm inertia and interface stiffness to gauge the Head
Injury Criteria, the metric used to determine the star rating
in automobile crash tests, at an impact speed of 1 m/s [4].
They found that the PUMA 560, an industrial robot used in
many human interactive experiments, is capable of causing
severe head trauma. Using this example, a device with low
inertia and low interface impedance would result in a safer
robot.

Robots like the PUMA 560 have high impedance because
they use gear reductions on their motors, enabling them to
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use smaller, less expensive actuators and achieve the same
torques. But the gain in torque results in higher impedance
and lower speed. One could develop software to provide
compliance, but this effort may be stymied by finite sampling
rates, transmission dynamics and backlash. Steel cable trans-
missions have negligible backlash and retain lower interface
impedance, but are rather expensive to produce and maintain.

An interesting solution to this problem has been in use
for over a decade; the higher apparent inertia and impedance
from gearmotors can be reduced by incorporating a series
elastic element on the actuator. First developed by Pratt et
al. [5], Series Elastic Actuators (SEAs) have been used in
a variety of machines including lower extremity orthoses
and bipedal robots [6],[7],[8],[9],[10]. Some of these SEAs
even have control over the compliance of its elastic ele-
ment [4],[11]. SEAs dampen torque ripple, backlash and
other undesirable position errors, but sacrifice bandwidth and
position accuracy as a result. For relatively low bandwidth
applications like human movement, SEAs are an effective
choice.

Besides reducing interface impedance, reducing inertia
also enhances safety. The actuators themselves are one of
the heaviest parts of a robot, so moving them to the base
and driving the load remotely is safer. Combined with using
gearmotors, the device becomes lighter and less expensive.
Its light weight, low cost and safety are key in developing a
home therapy system.

A solution to these criteria has been introduced earlier. The
MARIONET (Moment Arm for Remote Induction Of Net
Effective Torque) is a novel transmission that uses moment
arm manipulation to induce torque, but can also mechanically
control its compliance [13]. Performance evaluation of a
single-joint proof-of-concept has shown that it is capable of
accurate torque control and position control. This paper will
reintroduce this novel actuator, and present the plans for the
next generation, a two-joint planar robot for home use.

II. MARIONET PROOF-OF-CONCEPT

Torque of a cable-driven joint may be modified in either
of two ways: by changing the tension in the cable, or by
changing the moment arm, the cable’s line of action, on the
joint. The MARIONET employs both of these methods into
a novel actuator that behaves similar to a rotational SEA.
A canonical version of the proof-of-concept is shown in
Figure 1. The device is composed of a Rotator (providing a
rotational constraint) on the Pulley, a Link or Arm behaving
as the end effector, and two actuators, one controlling the
tension in the cable passing through the pulley, and one
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Fig. 1. Canonical illustration of the MARIONET. The MARIONET
focuses on manipulating the moment arm of a cable-driven joint. The version
shown here is capable of adjusting the line of action of the cable in a
rotational manner, through the motor-driven Rotator. A tensioning motor
provides control of compliance in the joint. Note polar coordinates used to
describe positions of the Tensioner, Pulley, and Link.

Fig. 2. Larger moment arms exert more torque. Two cases are shown
in this illustration: The thick red arrow presents the case of a larger moment
arm, which results in more torque, and the blue arrow exhibits the opposite
case. The tension is the same in both cases. Also note that zero torque
occurs when the arrow passes through the joint center.

controlling the position of the Rotator. This section will
characterize how this device produces torque on its user,
finding it adaptable to different subjects and capable of both
error augmentation and guidance training regimens.

A. Characterization of the MARIONET

The function of the MARIONET is to exert torque on its
subject; this can be broken down by examining each way
torque is modified. Figure 2 illustrates using a rotational
constraint on moment arm modification. The cable tension,
shown as long, directional arrows, must pass through the
constraint, shown as a dotted circle. Given constant tension,
the cable exerts a larger torque on the end effector as the
moment arm increases. The torque relationship can also be
expressed mathematically in 1:

τ =
RLRP

LLP
sin (θ − φ)T, (1)

where

LLP =
√

RL
2 + RP

2 − 2RLRP cos (θ − φ), (2)

Fig. 3. Torque-deflection curve using rotational constraint compared to
torsional spring.The torque-deflection curves from the rotational constraints
in Figure 2 show a sinusoidal relationship, differing from the linear
relationship of a torsional spring. Note that a linear spring results in a
decrease of sensitivity to deflection, while constant tension results in an
increase of sensitivity. Typical values for RL (0.3 m), RP (0.1 m), cable
tension of 10 N, and spring constant (10 N/m) were used in the calculations.

from Figure 1, RL and RP are the distances from center
to the end effector and constraint, respectively, θ and φ are
the absolute angular distances from the datum, and T is the
tension in the cable. In the case of an elastic cable, T = kx,
where k is the spring constant and x is the displacement. The
MARIONET is designed to control two of the variables in
this equation: the angular distance φ and the cable tension,
T , affecting the output, θ. The difference between θ and φ
will be referred to as the deflection.

The torque-deflection curve of the examples in Figures 1
and 2 differ from using a torsional spring, as shown in
Figure 3. The curve of the rotational constraint combined
with a linear spring behaves as a low-pass filter to any
undesired deflections. This is one possible paradigm for the
MARIONET. Figure 1 uses a Tensioner motor to directly
control cable tension. This version is more sensitive to small
deflections than the torsional spring.

As stated earlier, torque in a cable-driven joint can also
be changed by modifying the tension in the cable, or the
pretension in the case of an elastic cable. The amount of
pretensioning in the elastic cable can offset the sensitivity of
the torque-deflection curve, as seen in Figure 4. Each one
of these curves can be seen as a different resistance level
for training. Thus, with control over both moment arm and
cable tension, the MARIONET is capable of adapting to a
wide array of subjects.

A Tensioner and Link located opposite each other, as in
Figure 1, can result in an singularity caused by the nonlinear
constraint of the Rotator. This instability can be avoided in
control, as detailed in prior work [12].

B. Performance of Proof-of-Concept

A single-joint proof-of-concept for the MARIONET has
been developed and tested in previous work [13]. This
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Fig. 4. Pretensioning acts as compliance control The MARIONET is
capable of both equilibrium point and compliance control, all done mechan-
ically. The Tensioner acts as a gain for compliance. Typical pretensioning
values range from 0 to 5 cm for the 10 N/m spring, and 1 to 1.5 N for
cable tension.

version used steel cable with a servomotor maintaining
constant tension, instead of an elastic cable. Tests found that
the device behaves according to theory, producing accurate
torque control and sufficient position control. Yet these
experiments used an artificial arm and assumed a small
amount of damping. How would the lack of damping in
the physical device affect a real human user? Would the
MARIONET be able to exert force fields on its subject?

We designed a brief pilot experiment to lead towards
answering two questions: first, can the natural damping of
the human elbow compensate for the lack of damping in the
MARIONET, and second, can this device reliably exert both
error enhancing and error reducing forces in a trajectory? For
purposes of brevity and since too few subjects were used to
draw any conclusions, we will only focus on the qualitative
aspect of the first objective.

1) Methods: The six subjects in this experiment were
asked to follow an 8-hump minimum-jerk velocity profile,
varying in direction and speed. A position-controlled laser
projected the desired trajectory onto an opaque white sur-
face below (see Figure 5). The subject pool was divided
evenly between three groups: Guidance, exerting correctional
forces proportional to position error, Error Augmentation,
amplifying position error by exerting proportional forces,
and Control, where no forces are exerted at all. This ideal
movement lasted 3.2 seconds and ranged between 0.5 to
2.3 radians. The force field in both cases was linear with
a stiffness of 3 Nm/rad. An LED attached to the handle
provided visual feedback of the users hand position. A buzzer
cued the beginning of a movement. Subjects rested whenever
desired. Some of the reaches can be seen in Figure 6, where
dark, thicker red lines indicate the desired trajectory, and the
thinner, lighter blue lines are the individual trials.

Fig. 5. Experimental setup with user and MARIONET proof-of-
concept.

2) Results and Conclusions: If the damping in the sub-
jects’ elbows was not enough to complement the MARI-
ONET, then we would expect to see some oscillations in the
Guidance group. If the MARIONET was too weak to affect
the users’ arms, we would not see a difference between any
of the three groups. Figure 6 shows that neither situation is
the case. From observation of the control group, note the shift
in time between the desired and actual trajectories. This is
expected since the user mimics the desired trajectory, instead
of receiving haptic feedback. In the Guidance group, the
errors in timing reduce significantly, exhibiting the device’s
ability to effectively exert guidance forces on its user. Due
to relatively low bandwidth, the Guidance group has a small
amount of error during quick positional changes. Finally, the
Error Augmentation group looks different than the preceding
two paradigms, actual trajectories being pushed away from
desired trajectories. These results show that the device can
move the human arm through a desired path without going
unstable, and can exert both assistive and error enhancing
forces.

C. Design of Two-Joint MARIONET

What has been established through previous work is the
promise of a novel actuator. Translating this technology to
a useful device cannot be accomplished without consulting
on a consistent basis with the clinicians and patients on
site. We plan on taking full advantage of the resources at
the Rehabilitation Institute of Chicago during this design
process. Design specifications are shown in Table I.

1) Design for Function: The two-joint MARIONET is
a planar, upper extremity Manipulandum capable of use in
various positions between the transverse (horizontal) and
sagittal (vertical) planes. It is designed to fit a large variety of
user dimensions, and be usable with the help of an untrained
supervisor. The device is inherently stable and compliant,
and also has online control of its endpoint stiffness and
torque in both Cartesian and joint spaces. Hall effect position
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Fig. 6. Results of pilot experiment. Red lines show desired trajectory, and blue lines show the individual trials. Qualitatively, it seems that the MARIONET
is capable of exerting a trajectory on its user even though it is a torque controlled device. Since the device itself has no damping, it depends on the damping
of the user for stability.

Fig. 7. Two-Joint MARIONET The top view of the device (above) shows two ways the human user can interface with the two-joint MARIONET. The
user can adjust the linkages to colocate the joints with his/her own, or like the MIT-Manus, remain opposite the mechanism. The picture on the bottom
shows that the MARIONET can be adjusted to operate in various planes between the sagittal and the transverse. It can also slide down a track to operate
on either side of the body. The height of the device can be changed with telescoping struts. Small Tensioner motors located at the handle and at the distal
joint are configured in series with a spring for online adjustable compliance. Adjustable mechanical stops (shown on each joint) and cable guards (not
shown) are examples of some of the safety precautions taken.

sensors measure the position of each moving component,
and as a result, are able to calculate velocity, acceleration,
endpoint force and endpoint stiffness. Operation and data
recording use a real time operating system. Since it is
intended for home and clinical use, it is light and mobile, low
maintenance, easy to use, safe, and relatively inexpensive.
In terms of its proposed versatility of function, accessibility
and cost, the MARIONET substantially exceeds other planar
manipulanda, in large part due to cable actuation.

2) Designing With Cables: Although cable is lightweight,
flexible, and capable of spanning multiple joints, there are
many pitfalls that will result in a shorter lifespan. The design

TABLE I

DESIGN SPECIFICATIONS

Design Criterion Goal Reason

Usable Workspace 0.4 m2 Human capability [14]
Software QNX RTOS Simple, effective OS
Weight < 50 lbs. Portability

Cost < $3000 (parts) Affordability
Force Bandwidth 8 Hz Human capability
Maximum force 25 N Max. experimental use
Force Accuracy 0.5 N Just Noticeable Diff. [15]

Position Accuracy 5 mm Just Noticeable Diff. [15]
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of the MARIONET avoids practices that reduce the breaking
strength of cable such as cable wrapping, small bending radii
and angles, sharp increases in loading, contact with stationary
objects, poor sheave (pulley) design, rope rotation (twisting),
damage from cutting, kinking, or crushing, and various other
design principles illustrated in handbooks and papers.

3) Design for Safety: The safety of the human user must
come before any performance criteria. During the design
(and redesign) of the MARIONET, several failure modes are
addressed, such as cable failure, loss of control, electrical
faults, etc. Safety measures such as cable guards, mechanical
stops, emergency stop switches (both hardware and software)
are examples incorporated into the design, anticipating some
of the failure modes. As a check to this practice, we use a
hazard assessment matrix defined by Fries [16], taking into
account relative values for the occurrence, detectability and
severity of the event. If the score reaches an unacceptable
amount, the problem must be mitigated, or another path
must be taken. After the device is built, intensive operation
determines if the safety problems have been solved, and
reveal any new problems to mitigate before proceeding to
performance evaluation.

4) Design for Control, Ease of Operation and Low Main-
tenance: The MARIONET is controlled using four inputs:
the position of the Rotator located at each of two joints,
and the small Tensioner motors controlling the equilibrium
position of the springs (see Figure 7). Since the mechanism
is used in positions outside the transverse plane, it must
have gravity compensation programmed into its operation.
The Tensioners, adjusting endpoint stiffness, will be able to
add more versatility in creating various force fields, and have
control over position accuracy. Since the MARIONET will
eventually be used at home, it must be small, lightweight, and
easy to use by a healthy operator. Everyday adjustments like
changing planes of operation will be accomplished nearly
effortlessly by hand, and simple commands like turning the
device on and getting it to start a basic algorithm must be
easy as well. Finally, components most likely to fail such
as cables, sensors, and motors are arranged in locations that
make them easy to replace.

III. FUTURE WORK

This version of the MARIONET must pass through several
stages before its intended use of widespread clinical and
home rehabilitation. The first entails further design iterations
with clinicians. Next will involve a performance examination,
with tests such as torque accuracy and maximum exertion.
We will test the device’s ability to teach healthy subjects
a new trajectory using guidance and error augmentation
paradigms. We also plan to conduct studies on stroke patients
using a similar experiment.
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