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ABSTRACT Rigid linkages allow robots to lift heavy loads but prevent them from gently stretching and
bending their bodies. Continuum robots without rigid linkages have a wide range of motion, safety, shape
adaptability, and compliance. To combine the benefits of both continuum and rigid robots, we propose a
method of switching between discrete and continuum states by a dislocatable joint. This mechanism is driven
by three wires. It has a cup joint in an upper section and a ball joint in a lower section, and the two sections
are connected by a spring. The cup and ball joints are separated, and the manipulator is a flexible continuum
one.When the wires through the sections are pulled, the two joints are connected as a discrete state. To clarify
the design methodology of the manipulator, we build a model of the joint and consider three collision cases
in the simulation and experiment. The model reveals the relationship between the robot’s shape parameters
and the manipulator’s range of motion, and it visualizes an area where the positioning is uncertain due to the
collision between the ball and cup joints. We build a prototype manipulator and experimentally verify that
the stiffness is improved by the connection.

INDEX TERMS Continuum robots, discrete robots, dislocatable joints, variable stiffness.

I. INTRODUCTION
Conventional industrial robots require a high level of stiffness
to execute tasks with agility and accuracy in manufacturing.
These robots are actuated in confined spaces separately from
workers because of their use of rigid linkages, which enable
them to handle heavy load tasks. Manipulators using elas-
tic components, e.g., series elastic actuators [1], have been
deemed safe and have contributed to work in close proximity
with humans in factories [2], [3]. Continuum robots, which
are continuously curved manipulators that are flexible and
compliant, are examples of safe robots. Soft continuum robots
are inherently safe because of soft and lightweight structures
that are either wire driven [4]–[6] or pneumatically con-
trolled [7]–[9]. High flexibility is a considerable advantage
but reduces accuracy and payload.

Variable stiffness mechanisms have much potential for
applications that require safety and large payloads. Granu-
lar jamming is a well-known variable stiffness mechanism
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applied to continuum robots [10]–[14]. In this mechanism,
an elastic membrane is filled with small particles to increase
the stiffness of a robot’s body. In the neutral state, the par-
ticles are free and movable, and external forces can deform
the links. The air inside the elastic membrane is sucked,
thereby inhibiting particle movement and stiffening the robot.
When the negative air pressure is released, the particles
regain their movability. This idea is simple and easy to build,
but the robot cannot operate during the suction due to the
friction between the particles. Functional materials, such
as magnetorheology and electrorheology materials (which
can modify an object’s rheological properties [15]–[17]) and
low-melting-point materials (which dramatically reduce the
stiffness) [18], [19], are also used to alter the stiffness.
However, they require tight fluidic channels for the liquids
and gases. Another interesting methodology is antagonistic
action. One example is a combination of McKibben actua-
tors that operate in different directions [20]. They comprise
a flexible pneumatic chamber wrapped in a braided struc-
ture that either expands or contracts by changing the angle
between the fibers of the braided structure and the axis of
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the actuator. The McKibben actuators act antagonistically
to increase stiffness by coupling their extension and con-
traction. They can change the stiffness by the magnitude of
the pressure, but the complicated structure makes the control
difficult.

In nature, animals can change their body stiffness [21]. For
example, vertebrates change their stiffness by antagonizing
their muscles through their joints. They are similar to con-
ventional rigid robots, which transmit high power through
discrete joints. Other examples are invertebrates, which do
not have rigid bones, such as sea cucumbers and starfish.
Similar to continuum robots, they have small bone fragments
scattered on the surface of their bodies and in their arms.
They can change their rigidity and range of motion by altering
the stiffness of the elastic connective tissue (catch connective
tissue) that connects their bone fragments [22], [23].

Vertebrates have relatively high payloads, but they do not
actively disengage their joints. Exceptionally, snakes can sep-
arate their jaws to open their mouth widely and have highly
mobile jaw joints, whose left and right anterior ends are
joined by a flexible ligament [24]. Inspired by these animals
and biology, we propose a concept for a variable stiffness
manipulator that can shift between discrete and continuum
states by dislocatable joints. Fig. 1 (a) shows a schematic
of the proposed joint mechanism driven by three wires. The
upper section has a cup joint, and the lower section has a ball
joint; the two sections are connected by a spring. When the
three wires through the sections are strongly pulled, the cup
and ball joints are connected, and the manipulator shifts
from the continuum state to the discrete state (Fig. 1 (b)).
A state can be selected by controlling the displacement
and tension of the wires. This design has the advantages
of both continuum and rigid robots. The continuum manip-
ulator has a wide range of motion and high flexibility,
and the discrete manipulator has high accuracy and a large
payload.

Unlike fully soft robots, a certain type of soft robots
with rigid mechanical elements shows a higher payload
and better responsiveness, but the dislocatable joints that
we propose in this paper have not been reported [25].
As an exception, a robotic arm that passively dislocates
joints to absorb unexpected impacts has been reported [26],
but has not dealt with continuum state and flexibility
control.

In this paper, we examine the design and payload of the
proposed variable stiffness manipulator with a dislocatable
joint. Section II examines the collision condition of the joints
and builds the model that can estimate collisions occurring
in the proposed manipulator. Section III shows the maxi-
mum bending radius given changes in the design parame-
ters. In Section IV, we build a prototype of the manipulator
and experimentally verify the three collision models and the
change in the stiffness. The primary contributions of this work
are:
• A method for designing and fabricating of a continuum
robot with dislocatable joints.

FIGURE 1. (a) Schematic of the proposed variable stiffness manipulator
with a dislocatable joint. (b) Schematic of the joint dislocation
mechanism.

FIGURE 2. Three collision types occurring in the proposed manipulator:
(a) plate and plate, (b) joint and spring, and (c) ball and cup joints.

• Modeling and validation of the collision model between
continuum state and discrete state.

• Demonstration of the prototype manipulator in heavy
object lifting.

II. KINEMATIC MODELING
Considering the collision between components is important
for the kinematic design of the variable stiffness manipula-
tor. Three types of collisions occur in the joint mechanism:
(i) plate and plate, (ii) joint and spring, and (iii) ball and cup
joints, as shown in Fig. 2 (a), (b), and (c), respectively. Planar
models can be used to describe the system.

A. PLATE AND PLATE
We describe the collision between the upper and lower sec-
tions of the joint. Fig. 3 shows the continuum and discrete
states of the sections. In this figure, L and λ are the lengths
and the radii of an arc, respectively, when the bending angles
θc and θd are given. When the upper section inclines and
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FIGURE 3. Collision between the upper and lower plates in the
continuum and discrete states.

the angles θc and θd enlarge, the plate of the upper section
collides with the lower plate. The angles between the upper
and lower plates are denoted as the maximum bending angles
θcmax and θdmax . We can calculate the two maximum bend-
ing angles geometrically. The constant curvature model is
a well-known forward kinematics formula for continuum
robots [27]. This model approximates the continuum sections
using the parameters L, λ, and θc.

λ =
L
θc

(1)

In the continuum state, the coordinates of the end position
Pc are as follows:

Pc(x, z) = (λ(1− cos θc), λ sin θc) (2)

In the discrete state, the coordinates of the end position Pd
are as follows:

Pd (x, z) = (dj sin θd , dj(1+ cos θd )) (3)

where dj is the distance from the section plate to the center
of the ball or cup. The collision between the two plates
prevents the robot from bending. In the continuum state,
the bending angle θc increases at a constant arc length L, and
the radius λ decreases. When the plate’s edges contact each
other, the radius λ becomes equal to the length rp between the
plate edge and the original point O. The maximum bending
angle θcmax is defined as follows:

θcmax =
L
rp

(4)

In the discrete state, the upper plate inclines, and the two
plates contact each other. The maximum bending angle θdmax
is determined using the following equation:

θdmax = 2 arctan
dj
rp

(5)

Equations (4) and (5) show that a larger range of motion
is obtained at a larger distance between the two plates or a
smaller plate diameter.

FIGURE 4. Collision between the joint and spring inner wall in the
continuum state.

B. JOINT AND SPRING
We consider the collision between the outside of the ball or
cup joint and the inside of the coil spring (Fig. 4). The diam-
eter 2rb of the ball or cup joint must be smaller than the inner
diameter 2rs of the coil spring. Whether the collision occurs
depends on the bending angle. As the upper plate inclines
and the bending angle θc increases, the joint collides with the
inside of the coil spring, as shown in the left part of Fig. 4. We
define a circle A with a centerO’ and radius λ+rs for the coil
spring and a circle B with a center Pbj and radius rbj for the
ball joint, as shown in the right part of Fig. 4. This definition
enables the use of circle-to-circle collision detection formu-
las, which are widely used in video games and other physical
simulations. When the distance between the centers of circles
A and B is larger than the difference between the radii of
A and B, the two circles collide. The center coordinates of
circles A and B are defined as (xA, yA) and (xB, yB), respec-
tively, and the radii of circles A and B are rA and rB (where
rA > rB), respectively. The collision detection is described as
follows:

(xA − xB)2 + (yA − yB)2 ≥ (rA − rB)2 (6)

Hence, we obtain the following equation from the
coordinates and design of the coil spring and ball
joint:

(λ− 0)2 + (0− dj)2 ≥ (λ+ rs − rb)2 (7)

In (4), (5), and (7), there is a trade-off between the plate-
to-plate collision and joint-to-spring collision in the joint
parameters. For example, in the plate-to-plate collision
expressed in (4) and (5), a larger dj and a smaller rp enlarge
the range of motion. On the contrary, in the joint-to-spring
collision expressed in (7), a smaller dj and a larger rs enlarge
the range of motion (From rs < rp, The larger rp, the larger
rs can be).

C. BALL AND CUP JOINT
We consider the collision between the ball and the edge of
the cup joints in Fig. 5. The cup joint is attached to the lower
section plate, and the ball joint is attached to the upper one,
as shown in the left part of Fig. 5. The ball and cup joints
are denoted as a circle and a semicircle, respectively, with the
same radius rb. The coordinate Pbj of the ball joint is given
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FIGURE 5. Collision between the ball and cup joints in the transition from
the continuum state to the discrete state.

by (3) and Fig. 2.

Pbj(x, z)= (λ(1− cos θc)−dj sin θc, λ sin θc − dj cos θc)

(8)

The coordinate of the ball joint moves to Pcj(x, z) = (0, dj).
Assuming that the cup joint has an imaginary circle with
a radius of rb, we can use the equation of circle-to-circle
collision determination similar to (6). A collision between
circles A and B means that the distance between the centers
of A and B is smaller than the sum of the radii of A and B.

(xA − xB)2 + (yA − yB)2 ≤ (rA + rB)2 (9)

We obtain the following equation from the coordinates and
radii of the ball and cup joints:

(λ−λ cos θc−dj sin θc)2+(λ sin θc−dj cos θ−dj)2 ≤ 4rb2

(10)

When the left-hand side is less than the right-hand side in
(10), the two circles collide and have two points of contact
(middle part of Fig. 5).When the coordinate y of the collisions
is smaller than d , the ball joint and the cup collide (right part
of Fig. 5).

III. SIMULATION FOR COLLISIONS
A. RELATIONSHIP BETWEEN THE DESIGN PARAMETERS
AND THE COLLISIONS
We investigate how the design parameters of the joints relate
to the three collisions described in the previous section.
Fig. 6 shows the maximum bending angles determined by the
collision between the two plates given changes in the spring
length L, joint length dj, and plate radius rp. The maximum
bending angles θcmax and θdmax in the continuum and discrete
states are calculated from (4) and (5), respectively. We set the
ranges of L, dj, and rp to 20 < L < 50, 2 < dj < 10,
and 20 < rp < 30, respectively. The color bar indicates the
maximumbending angle determined by the collision, with the
darker colors indicating greater bend angles. The continuum
state has a larger bending angle than the discrete state in
the investigated range. Although the bending angle of the
discrete state can be enlarged by increasing the distance dj,
the distance dj must be less than half the length L. When
2dj = L, the robot section is in the discrete state.

FIGURE 6. Visualization of the maximum bending angle determined by
the collision of the two plates, shown in Fig. 3.

Fig. 7 shows the maximum bending angle determined
by the collision between the coil spring and the ball joint,
as calculated from (7). The radius rb of the ball joint is fixed
to 3 mm, and the radius rs of the coil spring is expressed
by a ratio rs/rb of the two radii. We set the range of the
spring length L from 20 mm to 50 mm, radius ratio rs/rb
from 1.2 to 1.6, and joint distance dj from 2 mm to 10 mm.
We visualized the maximum bending angle determined by
the spring-to-joint collision for different shape parameter
values by using a contour map, where we compared it to
the bending angle determined by the plate-to-plate collision
by using contours. On the color bar, the darkest color indi-
cates that the robot section can avoid the collision when
it bends 180 degrees, and the lightest color indicates that
the collision occurs when the robot section does not bend
(i.e., 0 degrees). The three black solid contour lines show
the maximum bending angle θcmax due to the plate-to-plate
collision shown in Fig. 6; the plate radii rp are 30mm, 40mm,
and 50 mm, respectively, from the top to the bottom. When
the distance d increases or the spring radius rs decreases,
the maximum bending angle θcmax decreases. As the spring
length L increases, themaximumbending angle θcmax slightly
increases. The contours, which show the maximum bending
angle θcmax due to the plate-to-plate collision, help optimize
the design parameters. The bending angle of the robot section
can be maximized by designing the plate-to-plate and spring-
to-joint collisions to occur at the same angle. For example,
in the upper left part of Fig. 7, when dj = 8 mm, rs/rb = 1.5,
and rp = 20, the two collisions occur simultaneously.

Fig. 8 numerically visualizes the robot end and ball joint
positions to determine where the ball and cup joints collide.
We set the joint distance dj and the ball (or cup) radius rb to
5 mm and 3 mm, respectively, and vary them within spring
lengths L from 10 mm to 30 mm and bending angles θc
from -45 degrees to 45 degrees. When the robot section is
straight and L is the shortest, the coordinates of the ball
and cup joints exactly match. The brightest dots represent
the ‘‘Approach’’ state in Fig. 5. In this state, the ball and
cup joints are separated from each other. The second darkest
dots represent the ‘‘Detection’’ state in Fig. 5. In this state,
the imaginary circle of the cup joint collides with the ball joint
to determine whether the actual collision occurs. The darkest
dots represent the state of ‘‘Collision’’ shown in Fig. 5. In this
state, the circle of the ball joint collides with the semicircle
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FIGURE 7. Visualization of the maximum bending angle determined by
the collision between the joint and the spring, shown in Fig. 4. The
contour lines show the maximum bending angle due to the collision
between the two plates at each plate radius rp in the left image of Fig. 6.

FIGURE 8. Visualization of the relationship between the positions of the
robot end and the ball joint and the collision due to the two joints. The
points represent the ‘‘Approach’’, ‘‘Detection’’, and ‘‘Collision’’ states
shown in Fig. 5.

of the cup joint. The cup joint, in its actual size, is drawn at
the origin. In both the robot end and the ball joint, collision is
less likely to occur in the vicinity of x = 0, and the area in the
collision that is slightly away from the vicinity becomes the
maximum. Using this model, we can control the robot while
avoiding the area where robot positioning is uncertain due to
the collision between the ball and cup joints.

IV. EXPERIMENTS
A. EXPERIMENTAL VERIFICATION
To verify the three collision model, we built an experimental
joint with a plastic ball and cup joint. The joint has a coil
spring as a backbone in the center of the sections and is driven
by three wires. To compare with the 2D collision model,
the robot end was moved in the 2D plane with two of the
three wires always set to the same length. In this experiment,
we took several pictures while the robot was bent by wires.
The angle and end position of the robot was measured from
the images.

Fig. 9(a) shows a comparison of the plate-to-plate collision
of the robot in the simulation with the real world. The joint
distance dj in the discrete state and the spring length L in the
continuum state are 5mm and 25mm, respectively.We set the

FIGURE 9. Experimental verification of the three collision models. (a) the
plate-to-plate collision.(b) the joint-to-spring collision.(c) the ball-to-cup
collision.

range of the plate radius rP from 15 to 35 mm and measured
the maximum angle of the robot end. The solid lines show the
maximum angle simulated in (4) and (5), and the dots show
the maximum angle measured in the experiment. We find that
the simulation and the experiment are consistent in both the
discrete and continuum states.

In the other two experiments, we use joints coated with
conductive paint because detecting the collision of the small
joints of the robot is difficult. An electrical cable is attached
to the ball joint and the cup joint (or the spring) to detect
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the collision. When a voltage is applied, the collision can
be detected by the change in voltage. Fig. 9(b) shows a
comparison of the joint-to-spring collision in the simulation
with the real world. The spring length L is set to 25mm
and the ball radius rb is set to 3 mm. We measured the
maximum angle determined by the collision between the ball
joint and the spring when the joint distance dj is changed from
8 to 12 mm. The simulation of the proposed collision model
matches the real robot well, but minor errors arise because of
manufacturing errors in the experimental joint.

Fig. 9(c) shows the experimental result with the simulation
of the ball-to-cup collision model. The joint distance dj and
the ball (or cup) radius rb are 5mm and 3 mm, respectively.
We pulled three wires of the robot at a time when the spring
length of 30 mm and the angle of -45 to 45 degrees simulta-
neously and measured the end position when the ball and the
cup collided. The simulation, shown as solid lines, represents
the boundary between the ‘‘collision’’ and ‘‘detection’’ state
regions on the left side of Fig. 8. Minor errors between the
simulation and the experiment are detectable, which probably
arise because our model ignores the thickness of the cup joint
and the axial compression of the backbone spring. The latter
is known to be one of the causes of the breakdown of the
constant curvature model in continuum robots [28].

B. VARIABLE STIFFNESS
We examine how the stiffness of the robot changes when the
joint shifts from the continuum state to the discrete state. In a
pre-experiment, we could not measure the stiffness of the
robot with the plastic ball and cup joints used in Fig. 9 because
of a large friction between the joints. Ideally, the use of a
spherical rolling joint with bearing balls is desirable, but
commercially available joints have the ball and cup connected
to each other. Thus, we build a joint structure using a bearing
and a cup (Fig. 10). Although the joint in the discrete state
bends only in one plane, that in the continuum state bends
in 3D space. The joint has a coil spring as a backbone in
the center of the sections and is driven by three wires. Since
the manipulator in the discrete state is ideally a rigid body,
we use elastic elements with a non-linear force-displacement
characteristic to change the stiffness. The stiffness depends on
the torque at the joint, as is well known in the study of series
elastic actuators [29]. We employed nitrile rubber O-rings
(Fig. 11), which have nonlinear elasticity [30], [31]. Since
the slope of the force-displacement curve of O-rings increases
gradually, the stiffness by antagonistic wires increases as its
displacement increases. One end of the stainless-steel wire is
fixed to the end of the manipulator by an oval sleeve, while
the other end is connected to a servo motor (S3003; Futaba,
Japan) via an O-ring with the section diameter of 2mm and
the outside diameter of 20 mm. The initial length of one
section is 32 mm; when the length is 16 mm, the joints are
entirely connected and shift to the discrete state. The section
increases the stiffness of the whole structure by pulling the
wires simultaneously. For example, when a load is applied to
the robot end, the displacement under the same load decreases

FIGURE 10. Prototype joint dislocation mechanism. For simplicity, we use
a bearing and a cup in the joint.

FIGURE 11. Experimental setup for measuring stiffness.

monotonically with the decrease in the length in the contin-
uum state, and the stiffness increases. This is evident from
the fact that the bending moment is reduced regardless of
the compression of the backbone spring. A continuum robot
without joints can pull the wire further, making it more rigid,
but the shorter section length reduces the range of motion.
The joint in the discrete state with constant section length can
antagonize the nonlinear springs by pulling the wire further,
which can greatly increase the stiffness.

Fig. 12 shows the stiffness characteristics of the joint
when the displacement is applied through a force gauge.
The tested direction is perpendicular to the axis of the ver-
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FIGURE 12. The joint dislocation mechanism enables active stiffness
tuning of the manipulator. Using a force gauge mounted in the vertical
direction to the long axis of the manipulator, we measure the stiffness
under four conditions: section lengths of (i) 32 mm, (ii) 24 mm,
(iii) 16 mm with a tension of 1 N, and (iv) 16 mm with a tension of 3 N.
When a tension of 1 N is applied to each wire in (iii), the manipulator
shifts to a discrete state. The upper graph shows a reaction force and
displacement of the force gauge (light color shadings indicate SD from
five tests of one displacement). The lower graph depicts the slopes of the
four lines in the upper graph, as obtained by the least-squares method
(error bars indicate SD from five tests).

tically mounted joint and is also the edge in the triangle
formed from the top view of the three wires. Note that
the stiffness of the joint varies slightly depending on the
tested direction because of a change of the distance projected
from the side between the center of the joint and each wire.
We adjust the wire tension to investigate the stiffness of three
different section lengths of 16 mm, 24 mm, and 32 mm.
When the section length is 32 mm, wires are pulled with
very small tension to keep the manipulator posture. As the
wire tension increases, the section length decreases. When
about 1 N is applied to wires, the manipulator switches from
the continuum state to the discrete state at a section length
of 16 mm. Even when a greater tension is applied, the section
length remains constant and the stiffness increases due to
the antagonism of the O-rings. This test was conducted for
four conditions, namely, section lengths of 16 mm with a
tension of 3 N, 16 mm with a tension of 1 N, 24 mm, and
32 mm without a tension. When the force gauge is moved
at 0.5 mm increments, the reaction force from the joint is
measured five times for each condition. Fig. 12 shows that
the reaction force increases linearly with respect to distance
in the continuum state and a nonlinear curve in the discrete
state. For a comparison of the values of stiffness for each
section length, the inclines of the force-displacement curves

FIGURE 13. Demonstration of the manipulator with three joint
dislocation mechanisms. The upper image shows that the manipulator in
the continuum state has a larger workspace than that in the discrete
state. The lower image shows that the manipulator in the discrete state
has a larger payload than that in the continuum state.

are obtained using the least-squares method. We assume for
simplicity that the nonlinear curve in the discrete state is
a straight line. The stiffness of the joint, provided as an
average of these trials, increases by a factor of five from
the continuous state with the section length of 32 mm to
the discrete state with the section length of 16 mm; it
reached a maximum of 15 times at the pulling force of 3 N.
Note that an increase of the stiffness in the continuum
state depends mainly on the decrease section length, while
that in the discrete state depends on the antagonism of the
O-rings.

To intuitively understand the benefits of the proposed
mechanism, we build a prototype manipulator with three
sections, which are driven by three wires. The upper part of
Fig. 13 shows the difference in the range of motion of the
robot in the continuous and discrete states. In the continuum
state, the manipulator can turn nearly 270 degrees, but in the
discrete state, it can turn only about 90 degrees. This is mainly
because the range of motion is limited by the plate-to-plate
collision. The lower part of Fig. 13 shows the manipulator
in the continuum and discrete states of lifting the weight.
In the continuum state, the manipulator buckles left and
right even with a light load of about 50 g. In the discrete
state, the manipulator lifts a load of 250 g without buckling.
These results show that each state has distinct advantages.
In the continuous state, the manipulator has a large bend-
ing radius and reachable area; in the discrete state, it can
handle a large payload because there is no buckling due to
compliance.
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V. CONCLUSION
To demonstrate the potential of a joint dislocation mecha-
nism, we built a wire-driven manipulator that has a dislo-
catable joint comprising a set of cup and ball joints. The
manipulator works in the continuum or discrete state through
the control of the position and tension of the wires. This study
shows that both states have unique advantages. Although
the robot in the continuum state has compliance and a large
workspace, it does not have rigid links to support its body and
cannot lift heavy objects. The robot in the discrete state has a
large payload, but the range of bending motion is narrow due
to the narrow distance between the upper and lower section
plates. In robot manipulators, both properties are needed
depending on the problem. For example, grasping a fragile
object by wrapping around it requires compliance and a
wide range of motion, whereas lifting and manipulating such
an object requires a large payload and precision. Compre-
hensive experiments for compliance, range of motion, pay-
load, and precision would highlight the benefits of our idea.
A summary of our research is shown in the supplementary
video.

We built a model of the manipulator joint and considered
three cases of collisions: (i) plate and plate, (ii) joint and
spring, and (iii) ball and cup joints. Themodel showed that the
desired bending angle in both continuum and discrete states
can be achieved by changing the robot’s shape parameter.
The model also visualized the region of instability in the
positioning of the manipulator determined by the collision
between the ball and cup joints, which will be helpful in the
motion planning of the manipulator in the future. The stiff-
ness of the prototype manipulator at different robot lengths
and wire tension was tested, and we found that it can be
improved by up to a factor of 15. In this experiment, due to the
output limit of the servomotor, the wire could only be pulled
with a maximum force of 3 N. However, the stiffness of the
manipulator can be further increased by applying a higher
wire tension. A promising area of future investigation is to
understand how the stiffness can be varied by modeling the
O-rings and backbone springs.

There are many opportunities for further developments.
For example, the collision model can be expressed in geome-
try; however, the actual system will involve gravity and axial
compression which require the dynamics of flexible beams.
We will extend our model with additional physical effects.
In the continuum state the wires in the manipulator follow a
constant curvature model, but in the discrete state they follow
a straight line due to large tension. Thus, the manipulator
operates with different control laws depending on the two
states. The prototype joint uses a ball bearing instead of a
spherical rolling joint, so there is one less degree of freedom
in the discrete state. We will build a new cup joint with
bearing balls and a spherical retainer. Another opportunity for
development is optimizing the joint geometry. For example,
when the manipulator switches from the continuum state
to the discrete state with a heavy load, the two joints may
misalign and not join together well. Investigating the coupling

of the two joints at high loads will lead to further under-
standing and practical application of our joint dislocation
mechanism.
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