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Abstract: Long reach manipulator systems (LRMS) are often used to perform tasks in difficult to reach locations.
They consist of a dexterous manipulator carried by a deployable structure. Their supporting structure can exhibit
substantial vibrations, making very difficult to control the system. Here, a control algorithm, called Inferred EndPoint Control (IEC) is proposed. This algorithm is using the manipulator joint motion to compensate for the
structure’s vibration. Easily obtained strain measurements on the structure are used to estimate its motion.
Experimental results obtained with two laboratory test beds are presented. They show that IEC yields stable and
accurate manipulator end-effector positioning control in spite of vibrations of the system’s supporting structure.
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Introduction
In many field environments such as space, nuclear
facilities or civil infrastructure sites, there is a need for
remotely operated servicing tasks1. Examples of such
operations are the repair of high voltage power
transmission towers and lines, the inspection of
underground storage tanks (Figure 1), the repair of
bridges (Figure 2) and space systems maintenance 2-4 .
Due to the problem of difficult accessibility and hazards,
machines are needed to carry sensors, measurement
systems, or small dexterous manipulators close to the
task locations. While climbers, helicopters etc., are
possible solutions to some of these problems, they can
be very expensive and have low reliability. A promising
class of systems for these applications are long reach
manipulator systems (LRMS).

manipulator. The long reach structure would bring the
small manipulator close to the task location and then
lock its joints. While having significant potential, the
development of LRMS require the solution of some
fundamental control problems that can seriously limit
their performance. A key problem is that external
disturbances such as wind, and the motion of the
manipulator itself can excite low frequency, lightly
damped vibrations of the system’s deployable structure.
These vibrations would make the system difficult to
control, corrupt the measurements and endanger the
system with impacts on the site.

Relatively little work has been done to develop control
and planning algorithms to deal with these problems.
Some research has been done to reduce the effects of the
supporting structure vibrations on the performance of
long reach space manipulators 5.
A path-planning
method has been developed, called the Coupling Map
method, that finds paths for the small dexterous
manipulator that minimize the vibrational energy
transferred to its deployable structure during a space
task6. Bracing methods have been suggested to increase
system stiffness in some general applications of long
reach systems 7. Control methods have been proposed
and are distinguished in two classes: damping control
and end-point control. Methods of the first class aim to
damp out the deployable structure’s vibrations using the
small manipulator controller 8-11 . While these methods
can reduce the amplitude of supporting structure's
vibrations, in many cases they require for some time, the
Figure 1: Inspection of underground tanks
manipulator to operate in non-optimal conditions, such
10
A LRMS consists of a large, long reach deployable as low-gain joint PID control , or follow strange
structure that carries a relatively small dexterous

manipulator joint trajectories, so that the vibrations to R i is defined by the nx1 vector X. For a general
damp out quickly.
spatial manipulator n equals 6 and X is composed of the
three components of the position vector of E with respect
to Ri, (x e , y e , z e ), and three rotations (such as the euler
angles θx, θy, θz ) that describe the orientation of frame
R e with respect to Ri.
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Figure 3: Schematic of a general LRMS
Figure 2: Inspection of bridges

In Inferred End-point Control, as in classical fixed base
impedance control, virtual forces, F, are exerted at the
In end-point control, the position and orientation in manipulator end-effector. Here these forces are function
inertial space of the end-effector of the small of the end-effector position and orientation:
manipulator, is controlled in spite of the supporting
˙ d −X
˙)
(1)
structure vibrations. The end-effector position feedback F = K pe + K de˙ = K p (X d − X) + K d (X
comes by either direct measurements of the position of
the manipulator end-effector or by direct measurements of where Xd is the desired inertial end-effector position, e is
the position of the mounting point of the manipulator the inertial end-effector position error and Kp and Kd are
on its structure and then using the system kinematics to the position and velocity control gain matrices.
deduce the end-effector position. In both cases vision,
laser or ultrasonic sensors have been used for the position Using the transpose of the system Jacobian matrix, J,
measurements12-17 . Clearly, the direct measurement of virtual forces, F, are transformed into manipulator joint
the six motions (three translations and three rotations) of torques, τ m. The interaction forces, F I , between the
the base of a manipulator or of its end-effector with these manipulator and its base appear in the formulation.
sensors, in many field applications such as in space, However these can not be controlled and they act as
would be either not feasible or very difficult.
disturbances to the system:
In this paper, the inertial position andµ orientation of the
base of the manipulator at its mounting point on the
structure, are estimated using strain measurements made
on the structure and a relatively simple static model of
the structure. This base position information is used by
the manipulator’s controller to infer the inertial end-point
position and orientation and compensate for the
vibrations of the structure. Simulation and experimental
results obtained in this study suggest that the method is
effective and can be practically implemented.
Inferred End-point Control of LRMS

T
 τFm  = J T F = ( Jm J b ) F
 I

(2)

For long reach manipulators, the Jacobian matrix J has
an augmented form composed of two submatrices: Jm
which is the Jacobian matrix of the fixed base
manipulator and Jb which is the matrix that transforms
reference system’s Rb linear and angular velocities into
manipulator end-point velocities.
The manipulator torques, τ m, will result in a manipulator
motion that will tend to drive X to Xd.
The
manipulator’s actual end-effector position vector X is
calculated using estimates of the manipulator base
position Ψ . The calculation of Ψ is done from strain
measurements on the structure. Assuming an elastic
linear supporting structure, a linear relationship exists
between Ψ and the strains ε=(ε x ε y ε z ε xy ε xz ε yz )T
developed at any location on the structure:

Consider a general long reach, flexible based manipulator
such as shown in Figure 3.
The position (three
translations noted as xb, y b, z b) and orientation (three
rotations noted as three euler angles φ x, φ y, φ z ) of the
reference system Rb defined at a point on the deployable
structure corresponding at the manipulator mounting
point, with respect to the inertial reference system Ri, is
(3)
represented by a 6x1 vector called Ψ =(xb, y b, z b, φ x, φ y, Ψ(t) ≅Ψ 0 + Aε(t)
T
φ z ) . The inertial position and orientation of the where: Ψ 0 is the value of Ψ due to the nominal
manipulator end-effector reference system Re with respect geometry of the structure and A is a scaling matrix
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A block diagram of the Inferred End-Point Control microprocessor single board computer running at 20
algorithm is shown in Figure 4.
MHz. VxWorks is used as a real-time operating system.
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Algorithm evaluation
The Inferred End-point Control has been demonstrated
with simulations and experiments. In this paper we present experimental results obtained on a planar two degree
of freedom manipulator mounted on a flexible base and
on a three-dimensional long reach manipulator test-bed
that has been designed and fabricated in our laboratory.
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Figure 5: The MIT planar LRMS
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The system’s flexible supporting structure consists of
two 1/16" (0.159 cm) aluminum side plates that are 44.6
cm in length with hinged cross members. The cantilever
nature of the beam-like structure is designed to provide
low stiffness characteristics for bending in the horizontal
plane and high stiffness characteristics for vertical
bending and for all torsional directions. This results in
essentially a one degree of freedom base motion with a
range of ±15 cm, a natural frequency of approximately
0.8 Hz, and a stiffness of 16 N/m in the horizontal plane.
It can be shown from elementary mechanics that because
the base structure is essentially a one degree of freedom
system, only the bending strain ε y at the attachment
point of the structure to the ground needs to be measured
to predict the motions of the end of the beam. At this
point, the flexible structure’s bending strains are the
largest, and the resolution of the measure of the
deflection of the beam is greatest. This experimental setup is controlled by a 32-bit Motorola 68030
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The MIT planar LRMS: A planar experimental
0
flexible base manipulator system, called Shaky I, has
been built to test path-planning and control methods for
-2
long reach flexible base manipulator systems 6. Shaky I
-4
was used in this study to test Inferred End-Point Control.
This system consists of a two link, two degree of
-6
freedom, planar manipulator mounted on a flexible
0
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structure (see Figure 5.) The manipulator links are
hollow aluminum bars 24 cm in length. Its joints are Figure 6: Base motion of Shaky I in a
disturbance rejection test
actuated by permanent magnet DC motors. Joint 1 has a
transmission geared motor (Escap motor; torque constant
22
equal to 0.020, gear ratio equal to 33:1), while Joint 2
has a direct drive motor (Mabuchi motor; torque constant
20
equal to 0.023). Both motors have Hewlett-Packard
18
optical encoders.
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Figure 7: Shaky I end-point motion for
disturbance rejection test
The basic character of the control can be seen in
disturbance rejection tests such as shown in Figures 6
and 7. Here, the system’s end-effector is moved to a
specified cartesian space position. The base is then
manually moved back and forth in the Yb direction while
the manipulator is commanded to keep its end-point at its
fixed cartesian position.
Figure 7 shows the end-point position about its commanded y cartesian position value. The maximum deviation from its desired end-point position is 0.3 cm while
the base motion (Figure 6) is more than an order of mag-

nitude larger. This is a good result considering the controller is only using a single strain measurement and a
very simple model to estimate the base Yb displacement.
With classical joint control the end-effector error is approximately equal to the base motion of ±4cm.

PUMA 250

A complete description of the results obtained with
Shaky I can be found in 18.

Flexible supporting
structure

Experimental results of the IEC with Shaky II have been
obtained. These results have shown that for any
configuration and path permitted by the hardware, the
system under IEC had a stable and accurate response.
Figures 9 and 10 show the results for a tracking test.
Here, the manipulator is commanded to track a cartesian
space spline trajectory to arrive at a fixed task position.
In spite of substantial base motions (Figures 9a and b)
caused by the dynamic interactions between the
manipulator and its supporting structure, the manipulator
follows its commanded trajectory very closely (Figures
10a and 10b.)

Figure 8: The MIT spatial LRMS
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The supporting tube has a series of diamond shaped holes
at its lower end. The structure has been modeled using
finite elements19. Like Shaky I, Shaky II vibrations are
lightly damped. The flexible structure has a range of
motion of ±8 cm with a stiffness of 660 N/m and a
natural frequency of approximately 0.9 Hz in each
direction of the horizontal plane.
Strain gauges are used to estimate the dominant motion
of the flexible structure, see equation (3). The strain
gauge locations are chosen using two criteria: (i) maximum strain location and (ii) minimum condition number
for matrix A of equation (3) (i.e. matrix A should be well
conditioned). Using these criteria, a search algorithm and
the finite element model of the structure, the best strain
gauge location was found to be between the third and
fourth level of holes (see also Figure 8.)
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The MIT spatial LRMS: To study the behavior of
LRMS and test path-planning and control algorithms
using more realistic systems, a three dimensional
experiment called Shaky II, has recently been built.
Shaky II consists of a 5 foot vertical flexible member
that supports a PUMA 250 (see Figure 8.)
The
supporting structure is a sculptured 3” thin wall diameter
non-metallic (PolyVinyl Chloride) tube.
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Figure 9: Base motion of Shaky II in a
tracking test
It maintains this position with almost no oscillations.
With a conventional PID joint controller the manipulator
end-effector motion would be corrupted by the base
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motions, resulting in large end-effector errors (in the
order of ±2cm.)
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reach space manipulators.
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