


structure takes advantage of the high moment arm that can
be achieved for the limited range of motion of the leg. Con-
trollability is restored by using gravity to return the leg to its
initial position.

The candidate rotational paths show a larger difference in
comparison. Figure 2(b) shows that, while the offset rotational
path also has a nonlinear relationship with joint position, the
rotational path centered at the joint produces a constant torque
envelope in both directions. Maximum torque increases with
radius, and endpoint stiffness is locally positive, definite, smooth,
and symmetric, making it robust to perturbations. These prop-
erties make this rotational path appropriate for the general appli-
cation outlined in this article.

A schematic using this rotational moment arm path version
of the MARIONET is shown in Figure 3. There are a few
basic components in this system. The end effector rotates
about a center with a cable connected to it at point (RL, H).
The cable then passes through a pulley on the rotator at point
(RP, U), which, as its name implies, can only rotate, creating

the desired moment arm constraint. The length of cable from
end effector to rotator is denoted asLLP. The cable then travels
from the pulley on the rotator to a motor at point (RT , f ),
known as the tensioner, which supplies cable tension, and for
the purpose of this article, it maintains a constant value. The
length of cable from (RP, U) to (RT , f ) is denoted asLPT. The
end effector and rotator have the same center of rotation.
Although the end effector is left free to rotate, it is pulled along
by the cable that passes through the rotator, whose position is
rigidly controlled by the drive motor.

The energy, torque, and stiffness of the system are a func-
tion of the length of the cable and its tension. The system will
settle at equilibrium, or in other words, its minimum potential
energy, where the cable is at its minimum length. The work,
W , that the system does on its environment may be expressed
in terms of the tension,T , and the change in length of the
cable, otherwise known as cable excursion,dx,

W ¼
Z

Tdx: (1)

The sum of the lengths of the cable is calculated as segments
separated at the pulley:

dx ¼ LPT(U) þ LLP(U, H) � l0, (2)

wherel0 is the length of the cable at minimum energy. Using
the law of cosines to solve for the terms mentioned earlier,

LPT(U)2 ¼ R2
P þ R2

T � 2RPRT cos (U � f ) and (3a)

LLP(U, H)2 ¼ R2
L þ R2

P � 2RLRP cos (H � U): (3b)

With a constant cable tension, the work is the product of the
length of cable and tension and can be stated in terms of joint
torques,

W ¼
Z

T dx ¼
Z

s dH: (4)

This equation can be simplified to

s
T

¼
dx
dH

: (5)

Therefore, the torque per unit tension (moment arm) is
equivalent to the change in the amount of cable excursion
according to the end effector position. In other words, a small
amount of excursion that causes a large change in joint posi-
tion, as does in the fingers, indicates a small moment arm. Car-
rying out the math,

s
T

¼ RL
RP

LLP(W)
sin (W), (6)

whereW ¼ H � U is the relative angle between the rotator
and the end effector. The endpoint stiffness,k, can be found in
a similar manner, since

LLP

LPT

Rotator

Tensioner

End
Effector

Drive Motor

(RL, � )

(RT, � )

(RP, � )

Figure 3. Schematic and definitions of variables used
throughout the analysis. The drive motor rigidly controls the
position of the rotator and the tensioner creates cable tension,
which couples the free-rotating end effector to the motion of
the rotator. Both have the same center of rotation. All angles
are measured relative to the horizontal datum, and all
coordinates are in polar notation.

This method manipulates both the
tension and moment arm in a cable-
driven joint to create a variable
compliant interface.
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k
T
¼ ds

dH
¼ d2x

dH 2 , (7)

which means that the amount the moment arm changes with
joint position is the endpoint stiffness. This provides a basis for
the configuration-dependent stiffness of human limbs. Carry-
ing out the math,

k
T
¼ RL

RP

LLP(W)
cos (W)� R2

L
R2

P

LLP(W)3
sin2 (W): (8)

If an elastic element is placed in series with the cable, as will
be examined in the following example, the torque equation
now becomes

s¼ RLRP sin (W)ksLLP0, (9)

where ks is the stiffness of the linear spring, and LLP0 is the con-
trolled equilibrium position of the spring. Therefore, both torque
and endpoint stiffness can be manipulated using the relative angle,
W. Moreover, one can linearly modify torque and stiffness by
varying the tension.

The general concept of the MARIONET is to vary moment
arm along any path while in some way maintaining tension in
the cable. Other paths may be desirable in specific applications,
such as where workspace is limited or where specific torques are
required. A practical application is the mechanically adjustable
compliance and controllable equilibrium position actuator
(MACCEPA) design that uses a nonbackdrivable motor to con-
trol a rotational moment arm path and also controls the length
of a linear spring between the end effector and the rotator using
another nonbackdrivable motor [15]. This has been used to
control both equilibrium position and stiffness to actuate gait in
a bipedal robot [16].

Some of the differences between using a spring and using
a constant tension are illustrated in Figure 4. The torque-
deflection relationship varies with both tension and geomet-
rical parameters. Producing constant cable tension (gray
gradient) and linear spring cable tension (green gradient)
results in different possible ranges of torques. Increasing pre-
tension amplifies the torque-deflection relationship in both
curves in Figure 4(a). At low pretension, the linear spring
case needs more deflection than constant tension to reach
higher torques, but this aspect could be useful for filtering
out disturbances. An increase in the pretension for both cases
makes a more responsive system. Differences between the
two cases become more pronounced when changing the rela-
tionship between the rotator radius (RP) and the end effector
length (RL ), shown in Figure 4(b). A very small rotator com-
pared with the end effector could not create a large moment
arm, and therefore in both cases, very little torque can be
produced. However, as the rotator radius approaches the end
effector, the greatest possible moment arm occurs as the rela-
tive angle between them approaches zero. In the case of the
linear spring, the greatest amount of torque is produced
when there is the optimum combination of both spring

deflection and moment arm. From the standpoint of achiev-
ing high torque production, these plots suggest that constant
force impedance, achieved perhaps by a constant force spring,
would be more advantageous than a linear spring in situations
with small rotator excursion and vice versa. A final item to
note is that that the torque-angle relationship in Figure 4(a)
closely resembles the way the force-length characteristic of
mammalian muscle [17] and how it acts to smoothly and sta-
bly generate torque over a range of angles.

In fact, knowing such stability characteristics of this non-
linear system is essential for human use. The system indeed
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Figure 4. The effect of (a) tension and (b) geometry are
presented for two cases: one with constant tension on
the cable (gray) and one with a linear spring inducing
tension (green). Color bars on the right represent cable
pretension in (a), and in (b), the ratio of rotator radius (RP)
to end effector length (RL ). Spring stiffness used was 10
N/m, and in (a), RL and RP were 0.3 and 0.1 m,
respectively. Both figures show that higher torques can be
reached with less rotator movement with constant
tension, but linear spring tension can be useful for
damping out disturbances.

Our key motivation is the

rehabilitation of individuals

recovering from stroke or other

neurological insult.
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has a concave energy surface, where the system settles to an
equilibrium point of minimum potential energy (Figure 5).
Assuming the system starts at rest, Figure 6 uses specific
parameters to provide a more intuitive example of stability. A
more generalized analysis of stability is detailed in another
work [13]. The energy corresponds to the system’s geometry,
with the picture on Figure 5(a) showing the MARIONET at

maximum energy state on the user’s elbow (magenta), and
minimum energy (cyan). These colors correspond to the
potential energy surface to the bottom, where the magenta
hills are the positions of highest energy, and the cyan valley is
at the lowest. The maximum torque occurs at the highest
slope of this plot, in this case, just inside the two peaks. This
region represents the workspace of the MARIONET and
comprises the region of convergence defined as the region
where difference between the link angle and the pulley angle
(W) converges to zero, therefore, an attractor region of stabil-
ity. The shallow bowl shape of the surface comes from the
small amount of energy stored in LPT , the length of cable
from the tensioner to the rotator pulley.

Proof of Concept
We designed and built a proof of concept to actuate the human
elbow. This version of the MARIONET, shown in Figure 6,
has been designed to exert a light amount of torque (5 N �m)
on the elbow within its range of motion (135� ). The rotator is
driven remotely using a 200-W servomotor through a 10:1
roller chain transmission. This drive motor can control the
rotator position to the nearest 0.016� (0.0003 rad) and exert a

Follower
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Steel Cable

Rotator Pulleys

Cable
Spool

Rotator

Drive
Motor

Tensioner
Motor

(a)

(b)

Roller
Chain

End Effector
Potentiometer

Figure 6. (a) Proof-of-concept drawing shows the basic
elements of the MARIONET. (b) A detailed view of the cable
routing and tension measurement system. Note that the cable
between the rotator and end effector is organized in a block
and tackle.
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Figure 5. As the rotator is aligned with the (a) arm (cyan), this
corresponds to the minimum on the (b) energy surface below
(cyan). As the moment arm increases (magenta), the energy
reaches a maximum. In this case, the rotator is not fixed, and
the slight bowl shape comes from the force of the tensioner,
and the block and tackle between the hand and the rotator
(4:1 reduction), as used in the proof-of-concept. The
parameters used in this specific example are also taken from
the proof-of-concept, RL ¼ 0:43 m, RP ¼ 0:07 m, and
RT ¼ 0:15 m.

Cables are advantageous because of

remote actuation, flexibility, and low

weight.
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torque from the given weight and relative position of end
effector and rotator. This value was compared with an
empirical value obtained from a load cell that kept the end
effector fixed. The calculated torque matches with the
experimentally determined torque (Figure 7). The sinu-
soidal relationship between relative angle and torque

continued as increasing the tension proportionally in-
creased the amplitude.

A torque step response test (Figure 8) showed how fast the
actuator could exert a substantial torque under either high or
low cable tension. To accomplish this, the rotator had to move
as quickly as possible to a new appropriate position to step up
to the desired torque. In the low cable tension case (70 N of
tension through the block and tackle), the 5% rise time was
65 ms, much faster than human reactions in voluntary move-
ment of about 150 ms [18]. In the high cable tension case
(300 N), the rise time was 21 ms, much faster than human
reflex of about 30 ms [18]. Consequently, the cable tension can
be adjusted to a level appropriate to the requirements of the
human motor task.
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Figure 10. (a) Experimental setup showing user following laser-dictated trajectory with MARIONET. (b)…(d) The desired
trajectory (red) and the individual trials (blue) indicate that the single-DoF MARIONET is capable of producing error
augmentation and guidance force fields. The control subject experiences the difficulty of mimicking a trajectory with no force
feedback. The guidance subject has a much easier time, allowing the robot to push him toward the desired trajectory, while
the error-augmentation subject has a difficult time mimicking the trajectory, often being pushed to opposite ends of the
workspace.

The compliant and safe aspects of
the MARIONET make it a strong
candidate for home rehabilitation.
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