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clear all
close all
cle
L1=400;
L2=250;
p=2;

x0 = 250;
y0 =0;
z0 = 400;

$=-100:0.1:100; % Varible distance

%% % %% % %0 %o %o %% %o % %% %o %% % %% % %% % % % % % % % % % % % % % % % %% % % %

% Straight Line Equation
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%% % % %0 % % %0 %o %% %o % % % %o % %o % %0 % %o % %o %0 %0 %o % %o %o %o %0 %o %0 %o % %o % %0 % % % % %o
% R(s)=(Al*s+x0)i + (BI*s+y0)j + (Cl*s+z0)k
%% %% % %o %0 %0 %0 % % %o %0 %0 % % %0 %o % %0 % %0 %0 %o %o %0 %0 %o %o %0 %0 %0 %o % %0 %0 %o %o %0 % %o %0 % %o

Al=1; %Slop in X Axis
Bl =1, %Slop in Y Axis
Cl=1; %Slop in Z Axis

% %% % % % %0 %% % %o %0 %0 % %0 %0 %0 %o % %0 %o %0 %0 %o %0 %0 %o %o %o %0 %0 %o %o %o %o %o %o % % %o % %o % %o
%% %% % %o % %0 % %0 %o %o % %0 %o %o %o %o %o %o %o %o %o %o %o %o %o %o %o %o %o %o %o %o %o %o %o %o % %o % % % Yo
% Task Space

% %% % % %0 %0 % % % % %0 %0 % % %0 %o %o %0 %o %% %o %o %0 Yo %o %o %o %o Yo %o %o % %o %o %o % %o % % % % Yo
% %% % % %0 %0 % % % %o %0 %0 % % % % %o %0 % %0 %0 %o % %0 Yo %o % %o %0 Yo %o %o % %o %o %o % %o %o % %o % Yo
x = (Al*s+x0);

y = (Bl*s+y0);

z = (Cl*s+z0);

plot(x,y)
grid on
xlabel('Position in axis x (mm.)")

ylabel('Position in axis y (mm.)")

figure

plot(x,z)

grid on

xlabel('Position in axis x (mm.)')

ylabel('Position in axis z (mm.)')

%% % %% %0 %0 % %0 %0 %0 % % % %o %o %o %o %o %0 % % % % %o %o %o %o %o % % %o %o %o %o %o %o %o %o % % % % Yo
% Joint Space
% %% % % % %% %o %o % %% %o % %o % % %o %o %o %o % %o %o % %o % %o %o % % %o %o %o % %o % % % % % % %



a=sqrt(y."2+z.72);
C=(x."2+y."2+2.72+L172-L272)/2/L1;
d=(x."2+y."2+2.72-L172-L.2"2)/2/L1;
r=sqrt(x.~2+y."2+z.72);

b=y

Th1=atan(y./z);
for 1=1:size(Th1"),
if (Th1(1) >=(pi/2))
|
elseif(Th1(l)<=(-pi/2))
I
end

end

Th2=acos(c./r)-atan(x./a);
for I=1:size(Th2"),
if (Th2(l) >=(pi/2))
|
elseif(Th2(l)<=(-pi/2))
I
end

end

Th3=asin(d./L2);

for I=1:size(Th2"),
if (Th2(1) >=(pi/2))
I
elseif(Th2(l)<=(-pi/2))
[

&3



end

end

figure

plot(Th1,Th2)

grid on

xlabel('Position in Joint 1 (Red.)")

ylabel('Position in Joint 2 (Red.)")

figure

plot(Th1,Th3)

grid on

xlabel('Position in Joint 1 (Red.)")
ylabel('Position in Joint 3 (Red.)")

%% % % % % % % %o % % % % % % Yo % % % % % % % % % % Y%
% Jacobian

%% % % %% % % % %o % % % % % % % % % % %o % % % % % %

c1 =cos(Th1); %
s1 =sin(Th1); %
c2 = cos(Th2); %
s2 = sin(Th2); %

$23 = sin(Th2+Th3); %
€23 = cos(Th2+Th3); %

for I=1:size(Th2'),

Jr(:,.,1) = [0 -L2*s23(1)-L1*c2(1) -L2*s23(1)
L2*c1(1)*s23(1)+L1*c1(1)*c2(1) L2*s1(1)*c23(1)-L1*s1(1)*s2(1) L2*s1(1)*c23(1)
-L2*s1(1)*s23(1)-L1*s1(1)*c2(1) L2*c1(1)*c23(1)-L1*c1(1)*s2(1) L2*c1(1)*c23(1)];

end
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%% % % % % %% % % % %o %o % % %o % % %o % %o %o %o %o Yo %o %o Yo Yo %o %o %0 %o %o %0 % %o % % % %
% Joint Velocity
%% % % % % %% %o % %o %o %o %o %o %o %o %o %o %o %o %o %o %o %o %o %o %o %o %o %0 %o %o %o %0 %0 % % %0 % %o

Tr=[Al;BI;CI];

for 1=1:size(Th2'),
Vj(:,1) = inv(Jr(:,:,D)*Tr;
Ti:, ) = Vi )/sart(Vj(1,1)~ 2+Vj(2,1)* 2+Vj(3,)*2);
end
clearVj
clear Tr

clear Jr

%% % %% % %% %o %0 %0 % % % %% Yo %o %o %o %o Yo %o %o %o %o %o Yo %o %o %o %o %o %o % % % %o %o %o % % % %o
% Spherical Space
%% % %% %0 % % % %0 %0 %0 %0 %o %0 %o %% %o %o %o %o %o %o %o %o %o %o % %o %o %o %o % %o % % %o Yo % % % % Yo

Thx = (-Th1)-p.*sin(Th2).*Th3;
Thy = (-cos(Th1)).*Th2+p*(cos(Th2)).*(sin(Th1)).*Th3;
Thz = (sin(Th1)).*Th2+p*(cos(Th2)).*(cos(Th1)).*Th3;

figure

plot(Thx,Thy)

grid on

xlabel('Sphere Position in Axis x (Red.)")
ylabel('Sphere Position in Axis y (Red.)')

figure
plot(Thx,Thz)

grid on
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xlabel('Sphere Position in Axis x (Red.)')

ylabel('Sphere Position in Axis z (Red.)")

for 1=1:size(Th2"),
Js(:,.,)=[-1 -p*c2(1)*Th3(l) -p*s2(l)
s1(1)*Th2(1)+p*c2(1)*c1(1)*Th3(1) -c1(1)-p*s2()*s1(1)*Th3(I) p*c2(1)*s1(1)
c1()*Th2(1)-p*c2(1)*s1(1)*Th3(I) s1(1)-p*s2()*c1(1)*Th3(1) p*c2()*c1()];

end

for I=1:size(Th2'),

Vb(:,1) = JsC,: )*TjC,0);

Tb(:,1) = Vb(:,)/sart(Vb(1,1)~2+Vb(2,1)*2+Vb(3,1)* 2);
end
clear Js

clear Vb

%% % %% %o %o % %o % % %o %0 % % %o % % %o %0 %o %o %o % Yo %o %o %o %o %o %o %o %o %o %o %o %o %0 %o % % % % Y%
% Steering Space
%%0%% % %0 %0 %0 %0 %0 % %o %o %0 %o %o %o %o %o %o %o %o %o Yo %o %6 % %o %o %o %o %o %o %o %o %o %o %o % % % % % %o

for I=1:size(Th2"),
Phi1(l) = atan2(((1/sqrt(6)*Tb(1,1))+(1/sqrt(2)*Tb(2,1))-(1/sqrt(3)*Tb(3,1))) , (...
(1/sgrt(6)*Tb(1,1))-(1/sqrt(2)*Tb(2,1))-(1/sqrt(3)*Tb(3,1))));

Phi2(l) = atan2(((-sqrt(2/3)*Tb(1,1))-(1/sqrt(3)*Tb(3,1))) , ((1/sqrt(6)*Tb(1,1))...
+(1/sgrt(2)*Tb(2,1))-(1/sgrt(3)*Tb(3,1))));

Phi3(1) = atan2(((1/sqrt(6)*Tb(1,1))-(1/sqrt(2)*Tb(2,1))-(1/sart(3)*Tb(3,1))) , ((...
-sgrt(2/3)*Tb(1,1))-(1/sqrt(3)*Tb(3,1))));
end

figure



plot(s,Phi1)
grid on
xlabel('Distance of End Effector')

ylabel('Position in Wheel 1 (Red.)")

figure

plot(s,Phi2)

grid on

xlabel('Distance of End Effector’)

ylabel('Position in Wheel 2 (Red.)")

figure

plot(s,Phi3)

grid on

xlabel('Distance of End Effector')

ylabel('Position in Wheel 3 (Red.)')
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Abstract

Transmissions are necessary elements in mechanical
systems such as robots. A transmission ratio is selected to
optimize power transfer efficiency. Most of transmissions have a
fix transmission ratio. Sometimes we do need to optimized power
transfer for several conditions. An adjustable step-ratio
transmission such as car transmissions can be used for that
purpose. In this work we design and develop a transmission that
can adjust its ratio continuously from —oo fiaco called ISVT:
Infinitely Stepless Variable Transmission. The ISVT is an essential
element in a novel class of human-robot interaction devices

called Cobot: Collaborative Robot.
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Abstract

Transmissions are necessary elements in mechanical
systems such as robots. A transmission ratio is selected to
optimize power transfer efficiency. Most of transmissions have a
fix transmission ratio. Sometimes we do need to optimized power
transfer for several conditions. An adjustable step-ratio
transmission such as car transmissions can be used for that
purpose. In this work we design and develop a transmission that
can adjust its ratio continuously from —oo fl90o called /SVT:
Infinitely Stepless Variable Transmission. The ISVT is an essential
element in a novel class of human-robot interaction devices

called Cobot: Collaborative Robot.
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2.6 Spherical CVT
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Abstract

Cobots are robots that can work with human operator in a
safely manner which required them to be constructed solely from
A cobot

passive systems. may be constructed using

Continuously Variable Transmissions (CVTs) at various joints of
the robot. This paper presents a 3D cobot using three parallel
CVTs connected to a single sphere. Designs, constructions and
kinematics relations between joint space and the configuration
space are presented. Due to the robot's special configurations,
these kinematics relations required a special derivation method.
These relations are essentials for the cobot to work in Virtual

caster and Virtual wall modes.
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Abstract

This paper describes development of a 3-Dimensional
Workspace Passive Manipulator. We constraint a
movement of a sphere to rotate about its own center and
transform their 3 rotational motion to a three dimensional
workspace (x,y,z). The 3DP Manipulator consists of a two
serial links connected to a spherical ball, and three
steering wheel joints. Three steering wheels control
rotating axis and limit the sphere to only rotate about its
own center. The sphere has 3 C-space, roll, pitch, and yaw
(¢, & f). The serial links, attached on top of the ball,
transform sphere rotating to Cartesian translation motion.
The counterbalance design and kinematics of the
manipulator are also provided.

1. Introduction

Haptic Interfaces are a class of robotic devices that
specifically designed for human interaction in simulating
virtual environment. Ranges of Haptic research include
hardware design, controls, human related experiment,
virtual applications, and so on. Most  of  haptic
interfaces are active systems that use servo actuators to
create virtual forces to interact with human operator. As
point out by Colgate and Brown [2] human can induce
instability to the system. Since active systems require
high servo gain to produce a high quality virtual
environment (such as stiff, smooth, and frictionless wall),
safety is a big concern when such as system interacting
with operators.

Brakes are passive clements that can create a virtual
surface without adding energy to the system. However
brakes can implement virtual surfaces with limited
directions, and in some configurations can result in a
struck mechanism [3). In addition, brakes absorb cnergy
make them less appeal for smooth and frictionless
surfaces.

To solve this intrinsic problem, we purpose to
develop a system that does not add energy to and yet not
absorb energy from the system.

0-7803-7657-9/02/$17.00 © 2002 IEEE.
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1.1 Cobots: Collaborative Robots

Colgate, Peshkin, and Wannasuphoprasit, introduced
a nonholonomic haptic interface that redirect human
operator’s applied force to creatc a virtual surface. This
passive device has two-dimensional working space. The
device later called Unicycle Cobot, where Cobot stands
for Collaborative Robot.

Haadle
Force Sensor
-~
5 sliding joint
sliding ¢
Sierng St X 5
o
Whost
P’ wheel
Faat View Top View handic and motor not shown bere]
a, b

Fig 1: Unicycle Cobot:

Cobots are a class of robotic devices intended for
direct cooperation with a human operator. A human
operator and a cobot share control within a same
workspace. Unlike actuated-joint robots, Cobots utilize
steering joint to create nonholonomic constraints between
their generalize coordinates. These make cobots
physically passive.

The unicycle cobot is a one-wheel device. It consists
of a wheel (see Fig 1), a steering mechanism, a force
sensor, a x-y supporting frame, and a handle. The axis of
the steering shaft (see Fig 1.a) passes through the wheel-
ground contact point. Hence, the steering motor cannot
transmit any power to the handle and thus make the cobot
inheritedly passive. The motor only change the wheel axis
directions but can not cause the wheel to roll. The motion
in the rolling direction come form human operator
through the handle.

The unicycle cobot is controlled in two modes 1)
free mode control, and 2) virtual wall control.

Free Mode Control: The unicycle cobot has one DOF
and that is the motion along the wheel rolling direction.

1EEE ICIT’02, Bangkok, THAILAND
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Free mode control simulates the device as if there is 2
DOF to the user by steering the wheel to minimize the
user forces normal to the wheel's rolling direction [3].
This behavior is similar to the caster wheels of a furniture
chair.

Virtusi Wall
Mode

Unicyc)e Cobot
Free Mode
Virtual Wall

Y &

Fig 2: Example of Unicycle Cobot implementing virtual
wall

Virtual Wall Control: When the user brings the cobot to
a virtual wall. The wheel is steered in a direction that is
tangential to the constraint surface. If the user wants to
move out from the surface, the controller will switch back
to Free mode control. The example of unicycle cobot
exhibit a virtual wall is shown in Fig 2. The virtual walls
implemented by the unicycle cobot were very convincing.
The walls arc smooth, hard, and frictionless.

There are a number of cobots developed in past
recent years. By far prototypes of cobots can be broadly
classified in two groups by joints they used; wheel and
spherical joints. Wheel-joint cobots include Unicycle
Cobots [3], Scooter Cobot [6], Door-Unloader Industrial
Cobot (7], and Extreme Joystick Cobot [5). The other
type using spherical joint includes a Gantry Cobot
developed at Ford, and 3 DOF Arm Cobot developed by
Moore et al [1].

" “Scooter Cobot [6] Unic;I; Cobot [3]

Fig 3: Examples of wheel joint cobots
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L—ta—m; ]
3 DOF Powered Cobot [1]

-

Gantry Cobot at Ford [7)
Fig 4: Examples of spherical joint cobots

With the simplicity of the wheel joint, in this work,
we develop a 3 dimensional passive cobot utilize wheel
joints.

2. Design of 3D Passive Manipulator
2.1 Overall Design

Our primary goal is to develop a 3 dimensional
workspace (x,y,z) passive manipulator, that can be use as
a test base for virtual environment experiment, human
robot interaction, and to verify control and kinematics.

The preferred design characteristics of the
manipulators are low inertia, simplicity, passive', and
small footprint. We reviewed an early design of the
extreme joystick Cobot [5] that has 2 D workspace. We
then transform the 3D rotating motion of the sphere to the
translational Cartesian motion (x,,z) of the manipulator.

Refer to Fig 5. The 3-DP manipulator consists of a
hollow sphere, three sets of wheel joints that located on a
base, a two-link arm, counter balance, and a force sensor.

' Yet a power assist are considered for further study
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&

First Link

Hollow

Fig 5. 3DP Cobotic Manipulator

Three steering wheel joints support the holiow
sphere. Similar to singularity problem on Scoorer Cobot
[4], two wheels are inadequate to constraint sphere in all
configurations the third wheel is added to eliminate
singularity and make it self support. The sphere has three-
configuration space, (@, a, ), roll pitch yaw.

On top of the sphere, there is a two-link arm. The
first link of the arm is connected directly to the sphere.
The first link translates with the sphere in roll and pitch
motions. However it is free to rotate relative to the sphere
yaw motion. A circular guide supports the arm and
prevents the first link to rotate with the sphere yaw
motion. A revolute joint (elbow joint) connects both links
together. The force sensor and the handle are attached at
the end of the second link as shown in Fig 5.

2.2 Link Connections

Refer to Fig 6, the yaw motion (angular motion
around the first link’s axis) is coupled to the revolute joint
of the links via cable transmission. One revolution of the
elbow joint results in two revolutions of yaw motion (the
rotation around the first link axis). Thus the roll-pitch-
yaw motion of the sphere results in x-y-z motion of the
end effector.
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Elbow Joint Second Link
Cabile First Link
Sphere

Fig 6. Cable transmission between yaw angle and elbow
angle

2.3 Counter balance

Since the manipulators are passive and there is
gravitational force that causes the arm to move
downward, to save space, we add counter balance
mechanism inside the sphere. Consider Fig 7, the
counterbalance mechanism consists of a serial link and
two masses. The joint of this serial link rotate at the same
rate but opposite direction with the manipulator elbow
joint via a transmission (not shown in Fig 7). The mass,
called stationary mass, is placed at the bottom of the
sphere. The purpose of this mass is to counter the
gravitational effect of the manipulator first link. The other
mass is connected to end of a serial link and compensates
gravitation for the second link and end effector of the
manipulator.

Bhaving Sphere
Mass

x
ationary Mass Serial link

Fig 7. Counter balance mechanism
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Fig 8. Schematics of 3DP Cobotic Manipulator

3. Kinematics

The 3D passive manipulator is a parallel redundant
cobot. In case of Scooter[6], the cobot rotates about a
point called COR (Center of rotation) where all wheel
axes are intersected. By comparison, the motion of the
3DP manipulator is determined by a rotating axis that
passes through the center of the sphere.

In rolling contact with a non-slip condition, a wheel
constraints the sphere to rotate along its rolling direction.
For each wheels, the wheel rolling axis and steering axis
create a plane. The sphere’s rotating axis is lie in this
plane. Only two wheels are required to determins a
sphere’s rotating axis’. The sphere’s rotating  axig is
generated from the intersection of these two planes.
However there is a singularity when these two plane are
parallel. Thus the third wheel is added and must agree
with the others otherwise the sphere will not move at all,

Here we define C[x.y.2), C; [6).6; 6] as a task space
and joint space of the manipulator.

3.1 Forward and Inverse Kinematics
Refer to Fig 8. The forward kinematics of the
manipulator can be writtcn as: .

x L, cos(8, +6,) - L, sin(6,) %)
R (8)=|y|=| L,sin(8,)sin(8, + 6,)~ L, sin(6, )cos(8, )
2] [L, c0s(6,)sin(8, +8,) - L, cos(6,)cos(B,)

»where x,y,z is a configuration of the end effector, L, and
L are effective lengths of lower and upper arms, 8y, 8, are

2 For singularity, the third wheel is required
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the joint angles of the ball joint (roll and pitch), and 8 is
the elbow angle of the manipulator. Note that the
transmission ratio of yaw to 0 is 2.

The inverse kinematics of the manipulator can
be derived as:

(2

6,

3

6, tan”(y,z)
R, (r)=l:9,]= nn"(b.a):tmn"(m.c)
tan™'(ycsc6, - L, cos6,, x+ L, sin8,) -6,
Where =2y cse(8)s b= ~2xL» and
c=L'~x" -y'csc'(6)-L

3.2 The moving wheel space

The wheel space of the manipulator is a 2D planar
space that can be thought as a thin flat sheet that lies
between the wheel and the sphere. The wheel space is
normal to its steering axis and translates with the sphere
surface with no slip condition. There are three wheel
spaces for this manipulator. These spaces denoted by W, ,
i =1,23. Thus it is possible to write a configuration
vector 7; of the wheel space as

| L.(R) v
¢ =L,] “ [Le,(R)] Heki

3.3 The Velocity
The velocity of the end effector can be easily found

ar_ _/'(q)d_q' where Jg is the Jacobian, which can
dr dr

3

by
be displayed as

0 “LSy+ LG} LSy
Ja=| (LCSH+LCC] [LS,Ch+L,5S,) L,8,Cy
“[LS, Sy +L,S,C] [L,CC, + LGS, L,CC,

, where C; = cos (6),), S; = sin (6). C;=cos (6+ 6), and
S = sin (6+ 6). '

In order to control this manipulator successfully, we
must calculate each wheel rolling velocity. In the design
we do not instrument the velocity sensor on the steering
wheel joints because of the need for quick and continuous
steering without joint limit. Rather we mcasure the joint
velocity of the sphere and infer to wheel rolling velocity
with assumption of no slip condition. The wheel rolling
velocity can be easily written as:

u, =1, o (@xF), i=123
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Here 7, is positioning vector from the sphere center to

the contact point of cach wheels, @ is the angular
velocity of the sphere rotating axis.

4 Future and Ongoing Work
Modular Design

We currently reevaluate the design so that the basc of
three wheels can be separated and be used as a Scooter
Cobot.

It is possible to add power the sphere and thus can
compensate for the gravity. The power can be added via
wheel rolling direction. However, the wheel mechanism
is more complicated with larger inertia, and at least two
power wheels are required. Since the sphere is constraint
to rotatc around it own center, onc solution is to power
the sphere itself, We currently study a possibility of using
gyrotor effect to power the manipulator and counter
gravity.
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Abstract developed at Ford, and 3 DOF Arm Cobot developed by
This paper describes development of a 3- Moore et al [2].
Dimensional Workspace Passive Cobotic

Manipulator. The cobot has 3 dimensional
workspace (x,y,z). Inspired by previous works of
Scooter' and Extreme Joystick? cobots, the 3DP
Cobotic Manipulator consists of a spherical ball and
three steering Cobotic joints and mechanical links.
The sphere-rotating axis is constraint to rotate about
its own center. The ball has 3 C-space, roll, pitch,
and yaw (¢, @ B) There is a two-link manipulator
attached on top of the ball. The function of this links
is to transform a spherical C-space, (¢, o ) to the
end-effector’'s C-space (x-y-z).

1. Introduction

Cobots are a class of robotic device intended for
direct cooperation with a human operator. A human
operator and a cobot share control within a same
workspace Unlike actuated-joint robots, Cobots utilize a
network of steering joints to create nonholonomic
constraints between their generalize coordinates. These
make cobots physically passive, even though power can
be added if needed [4]. After pioneer work done by
Colgate et al [1], there are a number of cobots developed
in past recent years. By far prototypes of cobots can be
broadly classified in two groups according to joint types;
wheel and spherical joints. Wheel-joint cobots include
Unicycle Cobots[1], Scooter Cobot[5], Industrial Door-
Unloader Cobot[6], and Extreme Joystick Cobot[5]. The
other type using spherical joint includes a Gantry Cobot

' Developed by Wannasuphoprasit, Witaya, Northwestern
University
. Developed by Santos, M. Julio, Northwestern University

sy

Unicycle Cobot [ﬁ

Scooter Cobot [6]

Figure 1: Examples of wheel joint cobots

. .

Galr:try Cobot at Ford 7]
Figure 2: Examples of spherical joint cobots

With the simplicity of the wheel joint, in this work,

we develop a 3 dimensional passive cobot manipulator
that utilizes these joints.

Copyright © 2002 by ASME



2. Design of 3D Passive Manipulator

Our primary goal is to develop a 3 dimensional
workspace (x,y,z) cobot, that can be use as a Cobotic test
bed to verify control and kinematics and for other
academic purposes.

The preferred design characteristics of the cobotic
manipulator are 1) low inertia 2) small footprint, 3)
passive’, 4) simplicity. and 5) large workspace. With these
objectives, rather than scooter-like style, we adopted and
adapted an early design of the extreme joystick Cobot[5].

2.1 Sphere Motion

Figure 3: Confined Sphere

We start the design with a sphere that constraint
within three steering wheel joints as shown in Fig 2.
Similar to a singularity problem on Scooter [6], two
wheels are inadequate to constraint sphere in all
configurations the third wheel is added to eliminate
singularity and make it self-support. At any instant, the
motion of the sphere can be described as a rotation around
a rotating axis. Since the sphere is confined to rotate not
translate, this rotating axis must past thru the center of the
sphere. Depending on the steering angle positions, the
sphere at all time has zero to one DOF, and has three-
rotational -configuration work space, (¢, &, f), roll pitch
yaw.

2.2 Rotational to Translational Workspace

In general, a translation configuration workspace such
as (x,y,z) is much applicable. Thus we purposedly
transform all sphere rotating motion to Cartesian motion
(¢, & f)—> (x,3,2). If, we place a mechanical link on top
of the sphere (much like a computer game joystick), roll
and pitch rotations of the sphere are mapped naturally to
x-y motions of the link. The yaw motion of a game
joystick is normally ignored by put a bearing around the
stick so that it frees to rotate around the link.

? Yet a power assist are considered for further study
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Figure 4: Sphere with a two-link manipulator

In our design, however, we add a serial two-link
manipulator on top the sphere. As shown in Fig 4, the first
link is connected directly to the top of the sphere. The first
link translates with the sphere in roll and pitch motions
and free to rotate relative to the sphere yaw motion. The
yaw motion (angular motion around the first link’s axis) is
coupled to the revolute joint of the links via cable
transmission. One revolution of the elbow joint results in
two revolutions of yaw motion. Thus with this design, the
roll-pitch- yaw motion of the sphere results in x-y-z
motion of the end effector.

Figure 5: A holding mechanism supporting the
manipulator

2.3 Holding Mechanism

The first link of the manipulator translates but not
rotates with the sphere. These require a holding
mechanism to restraint the link rotation while allow
translation along the curvature of the sphere. Original
design of a holding mechanism is shown in Fig 5. The
base ring is stationary and serve as a common base for all

Copyright © 2002 by ASME



three wheels. A half-cycle guide rail supports the arm and
prevents the first link to rotate with the sphere yaw
motion. The rail is connected to the base ring with rotating
joints. When the rail rotates about these joints the first
link moves with the rail. The first link is also allowed to
slide along the rail but prevented from rotating (about link
axis). While this mechanism will perform adequately, we
found it is rather costly and required precision fabrication
and assembly.

Figure 7: A concentric multilink spherical joint
redraw from[3]

After design reviews, we changed our holding
mechanism to a concentric multilink spherical joint (CMS
joint) previously developed by Hamlin, G.J. and
Sanderson, A.C.[3]. This multilink spherical joint is
compact, and easy to manufacture. Since there is no
sliding motion, the bearing is readily available and less
expensive. In addition, all positioning sensors can be
placed directly to the joints.

Figure 6: Spherical joint that support the manipulator
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Figure 7a: Modular Steering base configured for sphere
supporting

Figure 7b: Modular Steering base configured for scooter

2.4 The modular steering base

As shown in Fig 7, the steering base of the
device consists of a triangular shape and three identical
sets of steering wheel assemblies. Each wheel is directly
steered by a brushless motor without a transmission®. The
wheel assembly is attached at the corner of the triangular
base. See Fig 7b. The steering base is also designed to
transform to be a scooter-like base if needed.

2.5 Overall design

The overall design of the 3DP cobotic
manipulator is displayed in Fig 8. One end of the CMS
joint is connected to the lower link and the other end is
connected to one corner of the steering base. At the
connection between the lower link and the sphere, there is
an adjustable spring (not shown in figure). The spring
function is to preload the sphere with three wheels to
ensure positive contacts.

Three feet are evenly placed under the base to
support all the weight and to prevent the motors from
resting on the floor. To detect operator intension, a force

* The cost of direct drive motor and a motor and
transmission are about the same.
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sensor (ATI MINI45) is used and placed at the end of the
manipulator.

Kl

Figure 8: 3DP Cobotic manipulator

0

3 Kinematic relations of wheel directions and
sphere axis of rotation

In case of Scooter [6], the cobot rotates about a
point called COR where all wheel axes are intersected. By
comparison, the motion of the 3DP Cobotic manipulator
is determined by a rotating axis that passes through the
center of the sphere. For each wheels, the wheel rolling
axis and steering axis create a plane. The sphere’s rotating
axis generate from intersection of these planes. Only two
wheels are required to determine a sphere’s rotating axis’,
the third wheel must agree otherwise the sphere will not
move at all.

Y

Figure 9: Sphere’s axis of rotation and unit velocity vector
of a point on the surface.

5 For singularity, the third wheel is required
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Consider a sphere in Fig 9. In our device the
sphere is confined to rotate about its own center. Any
motions of the sphere, at any point in time, can be
expressed as a rotation of the sphere around an axis

pasting through the center®. From Fig 9, let k be a vector
representing the axis of rotation of the sphere, where the
rotating direction follow right hand rule convention.
Vector 7 is a vector that originates from the center and
end at point P where P is a particle (any points) on the
sphere surface. We interest on a tangent (velocity) unit

vector % of the point P. From observation, the unit vector
% is normal to both vector k£ and vector 7 . Thus the

unit vector # must be in the direction of kK X7 . In fact,
the unit vector # can be express as:

==

X

~i

Q)]

=
Il

X

==
—k

Similar to scooter cobot, we can specify the
sphere motion by control the sphere rotation axis (vector

k).If 7, , ¥,,and7; are the vectors from the center to

contact points of the 1%, 2" and 3™ wheel respectively,
we can derive unit tangent vectors of these wheels as:

5 where =123 @

Thus the steering angles of three wheels must be
aligned with these unit tangent vectors otherwise the
sphere will have zero DOF’.

4. Kinematics of The 3DP Cobotic Manipulator

The 3DP Cobotic manipulator is a parallel
redundant cobot. Here we define C/[x,y,z], C; [6}, 6, 65] as
a task space and joint space of the manipulator.

® This is comparable with a motion of scooter cobot that
rotates around a center of rotation
" In the other hand, this can be use as a brake
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Figure 10. Schematics of 3DP Cobotic Manipulator

4.1 Forward and Inverse Kinematics
Refer to Fig 10. The forward kinematics of the
manipulator can be written as:

=

L, sin(6,)sin(8, +6,)— L, sin( 6, )cos(8,)

} [ L,cos(8, +6,)—L,sin(8,) 3)
L, cos(,)sin( 8, +6,) = L, cos(,)cos(6,)

Rr (0) = |:Y

,where x,y,z is a configuration of the end effector, L;and
L, are effective lengths of lower and upper arms, 6,, 0, are
the joint angles of the ball joint (roll and pitch), and 85 is
the elbow angle of the manipulator. Note that the
transmission ratio of yaw to 0; is 2.

The inverse kinematics of the manipulator can be
derived as:

6, tan'(y, x) ()
R,(r)=|6, |= tan~'(b,a)ttan~' (Va* +b* —c? ¢

8, | |tan"'(ycsc, —L, cosB,,x+L, sin6,)-6,

»where g _2y], csc(8) b=-2xL,and
c=L"'-x"-y'csc’(0) - L]

4.2 The moving wheel space

The wheel space of the cobot is a 2D planar space
that can be thought as a thin flat sheet that lies between
the wheel and the sphere. The wheel space is normal to its
steering axis and translates with the sphere surface with no
slip condition. There are three wheel spaces for this cobot.
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These spaces denoted by W, , i =1,2,3. Thus it is possible
to write a configuration vector r; of the wheel space as

T L. (R) - 5
ﬁ—[yl] —[LW(R)]”_1,2’3 (5)

4.3 The Veloci

The velocity of the end effector can be easily found
by 4R _ Jk(q)ﬂ, where Jg is the Jacobian, which can
dt dt
be displayed as

l: 0 = [LZS,J + LICZ] = I,ZSZ, (6)
Jp=| [L,C Sy +LCC,] [L,S,Cy +LS,S,] L,S,Cy
=[L;S;S, +L,S,C;)  [L,C\C,y +L,C,S,] L,CCy

, where C; = cos (6)), S; = sin (6,), C; = cos (6+ ), and
Sy = sin (6+ 6).

In order to control cobot successfully, we must
calculate each wheel rolling velocity. In the design we do
not instrument the velocity sensor on the cobot wheel
because of the need for quick and continuous steering
without joint limit. Rather we measure the joint velocity
of the sphere and infer to wheel rolling velocity with
assumption of no slip condition. The wheel rolling
velocity can be easily written as:

u, :i:_ .((_(‘)X;,.), i=123 @)

Here 7; is positioning vector from the sphere center to the

contact point of each wheels, @ is the angular velocity of
the sphere rotating axis.

5 Summary and Future Work

We described the design of the 3DP Cobotic
manipulator. We employ three steering wheel joint to
confine a sphere motion. A two-link mechanism is
connected to the sphere to map sphere rotations to
Cartesian translations. The final design is compact,
simple, modular, and relatively easy to fabricate and
assembly. The prototype is currently manufacturing. The
control algorithm and simulation for free mode, unilateral

and bilateral constraints of the device are underway.

Discussions

It is possible to add power to the sphere and thus can
compensate for the gravity. The power can be added via
wheel rolling direction. However, the wheel mechanism is
more complicated with larger inertia, and at least two
power wheels are required. Since the sphere is constraint
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to rotate around it own center, one solution is to power the
sphere itself. We currently study a possibility of using
gyrotor effect to power the manipulator and counter

gravity.
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