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Solution:
N+1+Rolling Contacts enables full control of a robot’s
joints while simplifying control.

Motivation:

Remotely locating actuators away from a manipulator’s
driving point and joints 1s advantageous 1n terms of the
robot’s form factor and inertia but complicates control.

Tendons routed through the center of the joints result in
zero moments about the joint, selectively eliminating joint coupling.

Rolling contacts use cables, interlocking teeth, or contact
friction to make a low friction joint.
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Forward kinematics of rolling contacts effectively adds
a “virtual passive link”.

Forward kinematics from frame 0 to frame 2
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X2 1s the x offset between frames 1 and 2

Jacobian can be formed using
traditional methods like direct
differentiation

Rolling contacts allow calculating minimum
tendon tensions from desired joint torques in
closed form.

Tendon tensions to Joint Torques

N+1 control relies on tendon tension control at the
actuator level. It relates tendon tensions to joint torques via a
tendon routing matrix or jacobian.
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Desired Joint Torques to Tendon Tensions
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Calculating joint torques from tendon tensions 1s
generally easy.
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Solving tensions from torques is hard because of an
inherent null space and constrained nature (positive tensions only)

Operational Space Impedance Control Example

H lgh sample rates are needed to render stiff virtual environments or to produce high gain controllers. Running an
iterative optimization to solve a typical inverse tendon routing problem limits the maximum sample rate of an impedance control loop.
Comparable closed form solutions don’t minimize tendon tension and instead use a heuristic.
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Inverse Tendon Routing Matrix lension Controllers
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Joint Angle Estimates (q)

Measured Tendon Tensions
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Linkage forward kinematics and
tendon forward kinematics

Driving Point State Estimates
(position and rotation)



