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I. INTRODUCTION
We outline a method for determining the equilibrium of

a multi-limbed climbing robot equipped with microspine
grippers. The method is evaluated in simulation on the Robo-
simian quadruped robotics platform equipped with dexterous
Spiny Hands [1]. The method combines empirical model of
end-effector wrench spaces with structural compliance of the
limbs model in order to speed up equilibrium calculation and
uses the grasp wrench space to predict resultant forces on the
robot’s body.

II. METHODS
Our method builds on the work of Hauser, Wang and Cut-

kosky [2] in computing wrench spaces for the Spiny Hand.
Their mixed integer linear programming method produces
polytopes (shown in Figure 1a) representing the maximum
wrench that a given configuration of the hand can resist.
Directly extending their method to equilibrium prediction
for a full robot would be too slow for practical use, as it
would involve hundreds of mixed variables and thousands
of constraints. Instead we simplify our robot model for
faster calculation and then apply wrench space polytopes
precomputed from a representative set of poses likely to be
encountered during operation.

Figure 1b shows a simulated model of the Robosimian.
Our model approximates the the body and limbs of the robot
as a single rigid body. Changes in the limb configuration
of the robot are accounted for by changing the center of
mass of the abstract body. This body is connected with
stiff springs to four smaller bodies representing the Spiny
Hands used to grip the climbing surface. Each hand’s pose
determines the position of the fingers and all surface contact
points. The springs between the hands and body are modeled
as a deformable orthotropic material according to Hooke’s
Law in order to approximate the total deformation of the
robot’s limbs while under load. The elastic constants used in
each connection are estimated from test data of the robot in
various configurations.

Using this model, we can determine whether or not the
robot is in equilibrium by calculating the external wrenches
acting on the hands for a given configuration and comparing
these external wrenches to the wrench spaces of the hands.
If each external wrench lies within the wrench space of its
associated hand,then the hands can support the robot’s weight
and the robot will be in equilibrium.

To find each external wrench, we can use the transform
Tb of the main body under load relative to the zero-gravity
equilibrium position (consisting of translation tb and rotation

Rb = ωθ) and the stiffness matrices of the hands Ki,
following Equation 1[
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This transform can be calculated by stating the force and
torque balance equations on the body as a matrix equation.
Since the only external wrenches acting on the body are the
wrenches from the hand and the gravitational wrench, the
balance equation is as shown in Equation 2
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where n is the number of hands in contact with the surface
and the [m]x notation indicates the skew symmetric matrix
form of the vector. After solving for the components of
transform Tb, we can then plug the terms back into Equation
1 in order to calculate the external wrench on each hand.

Using the load transform Tb and the balance equation in
this manner means that we only need to solve for 6 unknown
terms for each configuration. This makes the method much
faster than using using an exact model of the Robosimian to
predict equilibrium, which would require solving hundreds
of equations for the deformations and forces in individual
limb segments.

(a) Wrench Space (b) Robosimian Model

Fig. 1: The polytope wrench space in (a) is one generated
for a pose of the spiny hand highlighted in yellow in (b)
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