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ABSTRACT

This paper presents the development of a novel Actuation-
Coordinated Mobile Parallel Robot (ACMPR), with a focus on
studying the kinematics of the mobile parallel robot with three
limbs (3-mPRS) comprising mobile prismatic joint-revolute
Jjoint-spherical joint. The objective of this research is to explore
the feasibility and potential of utilizing omnidirectional mobile
robots to construct a parallel mechanism with a mobile platform.
To this end, a prototype of the 3-mPRS is built, and several
experiments are conducted to identify the proposed kinematic
parameters. The system identification of the 3-mPRS mobile
parallel mechanism is conducted by analyzing the actuation
inputs from the three mobile base robots. To track the motion of
the robot, external devices such as the Vicon Camera are
employed, and the data is fed through ROS. The collected data
is processed based on the geometric properties, CAD design, and
established kinematic equations in MATLAB, and the results are
analyzed to evaluate the accuracy and effectiveness of the
proposed calibration methods. The experiment results fall within
the error range of the proposed calibration methods, indicating
the successful identification of the system parameters. The
differences between the measured values and the calculated
values are further utilized to calibrate the 3-mPRS to better suit
the experiment environment.
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1. INTRODUCTION

Mobile parallel mechanisms have been applied to various
fields in the past decades [1-3]. Mobile parallel robots showed
inheritance of manipulation capabilities and wheeled mobile
function of parallel robots [4-5]. The concept was first purposed
in [6], further investigation was done on the dynamics and
kinematics of a specific design [7]. Different designs of the
mobile parallel system were developed for manufacturing [8-9]
and manipulation [10]. Recently, a track-based parallel model
was developed by [11] for potential large structures
manufacturing. Multi-robot collaborative manipulation with
wheeled robot mobile base and connected manipulators [12—15]
was extended by the concept. Each mobile base is an omni
directional mobile robot on ground with top structure physically
connecting them to form a parallel robot topology. The hybrid
and manipulation function were achieved by the combined
motion of the omnidirectional mobile base.

There are separate mobile bases for existing mobile parallel
robots, each mobile base is required to be self-support for the
operation while maintaining stability. The manipulation of the
platform needs accurate sensing among all mobile bases for
updated configuration state for the mechanism. Due to free
relative motion for the limbs, errors are easily brought to the
system. This paper considers all of those factors to develop a new
mobile parallel robot with mobile bases achieving coordinated
actuation as in Fig. 1. Prismatic joints are used to connect the
mobile bases for actuations of the manipulation of top plate
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through differentiate motion. Based on this topology, the
coordinated actuation makes the key feature of the new mobile
parallel robot to have more accurate platform manipulation.

Figure 1: Mobile Parallel Robot

The structure can minimize the change in inertia with an
advantage in heavy load carrying. The practical performance of
parallel mechanisms is directly affected by positioning accuracy
[16]. Many factors can restrain the direct use of pre-designed
parameters for kinematic control models such as the error in joint
clearance and manufacturing errors. Due to the natural
characteristics of manufacturing error and clearance, a kinematic
calibration process is needed to increase accuracy to be time and
cost-effective [17]. Highlighting on the quality of manufacturing
and assembly would not be cost effective and time efficient [18].

A kinematic calibration is needed to enhance accuracy of
the system to be identified. The kinematic calibration procedure
typically involves many measurements that are used as
constraints to estimate the kinematic parameters. However, in
practical experiments the collected data often contain noise that
can propagate and affect the identified kinematic parameters.
Similar studies have been conducted to identify the parameters.
One study shows the method of selecting optimal pose for
calibration [17]. In this specific study, the calibration of a robot
was compared to both simulation and experimental results of
random measurement poses to verify the idea. This paper was
inspired by this method to compare the experimental model of
the mobile parallel mechanism to the simulation model.

The limited test environment of the parallel mechanism
makes the calibration process more difficult to perform. Since it
is often not feasible or too complex/expensive to measure the
actual kinematic values in practice with deploying of additional
sensors, other methods have been carried out by research.
External calibration methods are frequently used. Typically, the
use of 3D camera systems is taken for such [19-20] because of
high accuracy of dynamic measurements [21]. The markers and
3D cameras are taken to record the position values of the markers
placed on the rigid parts of the 3-mPRS. Based on the constraints
of the mechanism itself, the ball joints of the platform, the
platform pose, and the angle between each slider can be
identified.

This paper is a continuous work on the class of Actuation-
Coordinated Mobile Parallel Robots with Hybrid Mobile and
Manipulation proposed in [22]. A new development and system
identification of the geometrically constrained kinematics of a 3-
mPRS ACMPR with three limbs is conducted. The calculations
are based on the established kinematic equations and a
comparison between the theoretical and experimental results is
conducted to validate the process.

2. DESIGN AND METHODOLOGY

In this section, the kinematics model, mechanical design,
and experiment setups are presented. The physical structure is
designed in CAD (Fig. 2) and built with 3D printed parts and
other modified parts. Connecting rails and supporting limbs are
modified and measured to suit the design. Markers are placed
onto the robot for motion tracking. Collected data is processed
and visualized with MATLAB.

2.1 The 3-mPRS Geometric Model

The mobile parallel mechanism consists of three identical
limbs on a robotic structure and is notated as shown in F 2. There
are three ball joints arranged on the platform and are evenly
distributed on the end platform. A global coordinate system is set
on the ground, a base coordinate system on the surface center of
the bottom plate, and a coordinate system on the platform's
surface center as in Fig. 3. Each of the ball joints would have a
limb connected to it, and the other end of each limb would be
connected to a revolute joint on the robot. The three prismatic
joints are evenly distributed on the rails that are connected to the
base plate. The rails are separated with 120° between each other.
A global coordinate system O — xyz is set on the theoretical
flat ground plane, where z-axis is perpendicular to the ground
plane. A; represents the spherical joint center in limb i; Pa; is
the position vector of OpAi expressed in 0p — XpYp2Zp ;
B; represents the revolute joint center in limb i; Pb; is the
position vector of OpB; projected onto the x,y,-plane and
expressed in the base coordinate system. The revolute joint B;
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is placed on top (z;, direction) of the prismatic joint. A moving
base coordinate system O, — Xx,Yy,z, 1is set on the base’s
geometric center. The z;,-axis is perpendicular to the base’s top
surface plane and the xj-axis aligns with the vector OpB4
(through the revolute joint center in limb 1) while the x,y,-
plane is parallel to the base’s top surface plane. Another moving
coordinate system O, — X,Y,Z, is placed on the platform’s top
surface with local origin O, at the geometric center of the
triangle. The z,-axis is perpendicular to the platform plane and
the x,-axis passing by the spherical joint center in limb 1. The
three limb lengths between points A; and B; are fixed constant
with value (.

Figure 3: The Kinematics Model of the 3-mPRS

Based on the above setup as shown in Fig. 3, the basic
geometric constraints of the 3-mPRS’s kinematics can be given
as:

bi = sztidi + pl
(R,(RyPa, +p,) +p, —b)* =1
(R,(RyPa, +p,) +p, — b))  (R,Pu,) =0

- (1)
b, =R, (=) 0 ol
bu, =R, ()0 -1 o

=123

Position vector p; = (P1x, P15, P1z) 18 the position vector
of the base coordinate system center 0, expressedin O — xyz,
where p,, isa constant value representing the distance between
the ground and Op; P2 = (P2x) P2y, P22) is the position vector
where the platform coordinate center O, is expressed in the
base coordinate system; b; = (biy, by, b;;) is the position
vector of point B; in the global coordinate system, where b;, =

P1z; bei is the unit vector along the rail’s projection in xjVy,-
plane; b,; is the unit vector on the axis of the revolute joint
(perpendicular to the £; vector on x;yp-plane)inlimb i inthe
base coordinate system; d; is the distance scaler from the
revolute joint center to the local origin Oy,; R, is the z-axis
rotation matrix of the base coordinate O, — x,y,z, Wwith
respect to the global coordinate system; R,, is the rotation
matrix describing the platform coordinate system’s change with
respect to the base coordinate system in a two-degree-of-
. . . 2
freedom rotation about both x; and y,-axis; R,((i —1) ?n)
is the z-axis rotation matrix describing a rotation angle of
i-1 %ﬂ for limb i, constrains the 120 degrees distribution of

the three sets of robots, limbs, and joints.

The first equation in Eq. 1 represents the transformation of
the position vector of point B; (revolute joint center) from the
base coordinate system to the global coordinate system is
achieved through a z-axis rotation with a xy-plane translation
in the global coordinate system. The second equation describes
the length of the limb is a constant value constrained by the
spherical joint center and the revolute joint center. The third
equation represents the geometric constrain of the spherical joint
center’s movement, which should only be in the plane
perpendicular to the revolute joint’s axis for each limb i. The
fourth equation represents that each unit vector Pt; is achieved
by rotating the unit vector [1 0 0] about z-axis for an angle of

i—-1) Z?n The last equation represents that each unit vector u;

is achieved by rotating the unit vector [0 — 1 0] about z-axis
. 21

for an angle of (i — 1) 5

2.2 Inverse Kinematics

The goal of inverse kinematics is to solve for the theoretical
actuation inputs, b;, based on given platform orientation R =
R,R,, and position p = p; + R,p, (both with respect to the
global coordinate system). According to the geometric
constraints given in Eq. 1, there is

(RPa; +p — b)* = I?
(RPa; + p)"(R,%u;) = —b] (R,"u;) (2)
i=1,2,3

Eq. 2 provides two constraints in each limb i for the two
unknows of b; = (byy, by, b;,). The first equation is a quadratic
polynomial of (b, b;y); the second equation is linear between
them. The two equations should provide two solutions, and they
are two intersecting points between a circle (centered at the
spherical joint center A; and has a radius of [) and the prismatic
joint line u;. To satisfy continuous motion, only one of them is
feasible.

2.3 Prototyping and Experimental Setup

To validate and further study this new kind of 3-mPRS
system, a prototype of this structure has been built on three
omnidirectional mobile robots called the Omniveyors as shown
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in Fig. 4. The Omniveyors robot has four omnidirectional
powered caster wheels to roll and steer to the control directions.
Each of the robots would have a platform that has multiple
80mm*80mm evenly distributed M5 ports installed on the center
of its top surface, allowing mounting of the slider supports and
slider bars. The limbs are made of carbon fiber rods; the ball
joints are made of machined metal, pinned to the 3D-printed
platform, and connected to the limb using a 3D-printed cylinder
and a screw. The base prismatic joint is realized using a set of
aluminum rails and a slider. The slider is mounted onto slider
support on the Omniveyor robot and right below the revolute
joint. The revolute joint is made of a fixed caster wheel to ensure
the stability of the structure. The three rails are connected to a
3D-printed plate in the center, serving as the bottom plate of the
entire robot.

By ,easter wheel
,/// revolute joint

3D printed
base plate

| aluminum rail
_ and slider with
D printed case

Omniveyer robot -

Figure 4: Experiment Setup

The robot was assumed to be tested on flat ground, but they
are tested on uneven terrain. To get accurate results for the global
coordinates, testing data were recorded using a Vicon camera
system. Several test motions were conducted using the set up
shown in Fig. 5.

Figure 5: Vicon Camera-based Motion Record Setup

There were fifteen markers used for this experiment to
record the motion of the 0, — x,¥,2, and compare them with
the theory. The markers and their intended functions are
distributed as the followings: three markers would be on the top
platform to construct the O, — x;,V,Zz;, coordinate system; three
markers placed on the limbs with one on each to observe the
motion of the limb while the robot is moving as a system; six
markers are located at the prismatic slider with two on each of
the robot (the revolute joints is fixed on to a slider, therefore only
two markers needed to construct a coordinate system for each
end); 3 markers would be placed on the bottom platform to create
the coordinate system. The relationship between two local
coordinate systems, Op —x,¥p2, and O, — Xx,¥,Z,, and the
global coordinate system O — xyz are described with a
rotational matrix Ry, and translational vector of p;. The
distance between the revolute joint and the z-axis of the bottom
plate is measured with d; (i = 1,2,3).

3. KINEMATICS PARAMETER IDENTIFICATION

3.1 System Setup

For calibration, the first step is to identify the coordinates of
points, at each moment there would be 15 markers with
coordinates recorded in the global coordinate system. The Vicon
cameras operate at 100Hz frequency, recording one dataset (15
sets of 3D coordinates, 45 numerical values) every 10ms. The
datasets are organized according to their location continuity and
arranged into arrays corresponding to each marker at each time
stamp in MATLAB. The arranged datasets are plotted, and each
marker is identified with its physical location on the robot. The
dataset plot recreates the movement of each robot alongside the
rotation and translation of the entire system in the global
coordinate system. The angle between each slider/rail is
calculated. After the angles are retrieved, the spherical centers of
each ball joint mounted to the platform are identified; the
revolute joint axle center is also identified. This can be realized
by utilizing the markers placed on the three limbs. The Vicon
cameras retrieved the arc movement of the markers in the global
coordinate system.
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3.2 Spherical Joint Center Identification

Due to the natural restraints of the experimental
environment and manufacturing errors of the robot, the collected
data showed disturbance from the theoretical assumption. To
identify the spherical center, least squares fittings were taken to
identify the spherical joint center and the revolute joint center.
With the local frame, throughout time the marker on a limb
would form a sphere around the joints. With the sphere centered
at the joint and having points on the limbs moving in an arc-like
manner with respect to the platform. This is achieved by the
linear motion from the Omniveyor robots away and towards the
center of base coordinate. local frame and revolute joint local
frames, the spherical center would be the joint center as in Fig.
6. The radius is retrieved from the rewritten equation, where the
ideal circle equation is used to identify the length of the limbs.

Spherical Joint Movement

400 -100
-200 g -200

0 -400

200 500

X axis 400  -600 y axis

Figure 6: Sphere Surface in Op-xyz

To identify the ball joint centers A;, A,, and A; with
respect to the platform, each limb is taken as a rotation around
the point O,_,,,, creating a sphere with A; as its center, and
the marker on the limb [; on its surface as in Fig. 6. All the
coordinates are transformed into Op_,,, frame and optimized
for better fitting throughout time.

(xi - xc)z + (yl - yc)z + (Zi - ZC)Z =r?
ax; + by; + cz; +d = x? + y? + z?
a=2x.,b=2y,c=2z
d=rt oty

(3)

In equation 3, (x., Y., z.) isthe center of the sphere, which
is the physical ball joint. (x;,y;,2;) is the coordinate of the limb
marker in O,. By applying equation 3 to all the markers at each
timestamp, a data cloud with respect to O, is established.
Equation 4 and 5 show the matrix operation solving for
(%¢) Ve, z.). The data cloud is fitted to a sphere with the least
square fitting, which the sphere center being the center of ball
joint and pole revolution with respect to O,,.

X=A4"B (4)

X1 V1 0z 1 a X +yi + 277
1 b 2 2 2
Where A= X2 y2 Zy ,X= c ,B: X2+y2+22
Xn Yn Zn 1 d X% +yh+7h
a
XCZE
y_b
¢T3
_c (5)
Ze = 3
Jad+aZ+bZ+c?

2

To identify the revolute joints, the movement of each limb
i with respect to each robot is as a rotation around the revolute
joint B;. The motion of the marker on limb i forms a circle
throughout time with the center of the circle being the revolute
joint’s center in each robot’s local frame O,;. A similar model
as shown in Eq. 3-5 is used to determine the revolute joint center
with the point cluster formed as part of a circle on the plane
perpendicular to u;. All the coordinates are transformed into
local coordinate systems for better fitting, and transformed back
to global once the sphere center is identified.

3.3 Prismatic Joint Direction Identification

The angles between each slider/rail are identified using each
robot's movement along the time stamps. A base coordinate
system was created using the three markers placed on the bottom
plate of the robot. One of the markers is used as the origin of the
local frame, and one vector connecting this marker and the other
marker is set to be the x-axis of the local frame. Z-axis is the
cross product of two vectors on the plane, and the y-axis is the
cross-product of the x- and z-axis. With the base coordinate
system embellished, the coordinates of each robot can now be
converted into the base coordinate system  ;, B;. Due to the rail
constraint, the slider's movement can only move towards or away
from the base plate. Each prismatic joint has been given two
markers to identify the movement by recording the position
throughout the time. The movement was identified as three
clusters moving towards and away from the base coordinate as
in Fig. 7.

800

Polynomial Line as the Motion of Robots

robot 1

600 robot 2
robot 3
400
» 200
E
©
-
0
-200 —
-400 .
-600
-800 -600 -400 -200 0 200 400 600

X axis

Figure 7: Angles between the Prismatic Joint Rails

Three best fitted lines were applied to the clusters, with the
three lines identified, the angle between each line would be angle
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between the robots. MATLAB function polyfit is called to fit the
cluster of points to first degree polynomial, and the slopes are
used to calculate the angles as shown in Eq. 6.

m; = polyfit(xp, ys,) = (M, c)
line; = myx + ¢; (6)
— COS_I( ll:nei-ll:neHi )

|line;linejq4|

Bii+1

3.4 Limb Length Identification
To identify the lengths of the robotic limbs, a; is
transformed from local frame into the global frame O — xyz by
multiplying with the transformation matrix OZT . The

transformed vector a; can be used to calculate the length of the
limbas I; = (a; + p; — b;)?. The position vector p; is 0,0,.
Length of limb [; can be calculated with two methods: direct
vector magnitude and sum of two spheres’ radius. The second
method is applied here with each of the sphere’s radius, which
are obtained during the process of locating the center of the ball-
joints and the revolute joints.
2 _ 0 2
{li = (o,T?a; +p —by) (7)

li = rip + Tip

The first equation in Eq. 7 is a variation of Eq. 1, which uses
position vector to calculate the length of the limb i according to
the geometric constraints, while the second equation uses the
theoretical radius of the motion sphere of one certain point on
limb i with respect to the platform coordinate system.

4. RESULTS AND MOTION VALIDATION

4.1 Identification Results
Based on the above identification methods, these key
kinematics parameters are identified and summarized in Table 1.

Identified Measured Error
value value (%)
l; (mm) 945.56 2.034
I, (mm) 969.80 965.23 0.477
l; (mm) 964.89 0.032
la;| (mm) 151.26 4.720
la,| (mm) 150.25 158.75 5.356
las] (mm) 149.46 5.852
Op1,b2 0.99
(degree) 121.19
Op1p3 0.98
(degree) 121.19 120
Op2.b3 1.98
(degree) 117.61

Table 1: Experiment Parameters

Eq. 7 is used to calculate the length of three limbs, where the
actual length of the limbs (the carbon fiber rods) is manually

measured. The size of the platform and spherical joint parameter
|a;| is calculated with position of three spherical joint 4; and
the center of the triangle they form (theoretical O,). The results
are acceptable but with around 5% error, which is mainly due to
the weak spherical joint connection to the 3D printed platform
and the spherical joint clearance. The angle between each rail is
calculated with Eq. 6 using data set where the prismatic joints
move along the rails. The results of calculated limb length [; are
and the actual measured length of limbs have a maximum error
of 2.034%. The error is likely to be introduced by two factors:
(1) the tracking system error and (2) the manufacturing and
assembly error of the 3D printed components. The spherical
joint, being a metal reflective object, also would be recorded in
the Vicon camera system occasionally as a data point to be mixed
with the markers placed on top of the platform. The 3D printed
part that links the limb to the spherical joint and the prismatic
joint is loosely assembled on purpose to prevent any damage
done to the system in case of the Omniveyor robots moving over
angle allowance. These factors caused most error calculating the
length of the limbs, up to 20mm. The results of the spherical joint
parameters |a;| has relatively large error (around 5%) and
variation. This is likely be caused by the distortion of position
A; and the triangle reconstruction process. The initial triangle
formed by the calculated position of A; is not exactly
equilateral triangle, so the position vectors a; have different
magnitude/length. This could be a result of the error in limb
marker position and the motion of the platform coordinate
system transformation. The result error of change in angle
between robots are within 2%, which is likely due to the
manufacturing error of the 3D printed base and lagging in the
asynchronized robot movement caused by network delays in the
control cycles. The failure of robot motion synchronization
caused unnecessary movement along u; direction.

4.2 Experimental Validation

To verify the performance of the system, forward kinematics
simulation of the structure is employed to analyze the theoretical
motion of the mobile parallel robot during translational motion
by incorporating the velocity and acceleration of each robot. The
resultant behavior of the platform is then compared with the
experimental data obtained through the Vicon captured markers
to validate the model's accuracy. The position of the 15 markers
placed on the system are recorded with timestamps by the Vicon
camera set during the motion and are used to reconstruct the
system. The Vicon recording operates at 100Hz. Noise and bad
spots in the recorded data are identified and eliminated during
reconstruction and calculation. A band-pass filter is used to
eliminate the bad spots: the filter eliminated any set of data have
points more 15 or less than 15. Then each set of data goes
through a least-distance algorithm, where each point in one set is
linked to a point in the next data set with least distance. Same
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marker’s moving distance between each time stamp is compared,
and sets with overly large movements are eliminated. By
reconstructing the data set in this order, major noise and bad
spots are eliminated. However, bad points created by reflection
close to designated markers are hard to be distinguished and
eliminated, and the physical shaking and bumping of the system
also caused much variation in the recorded data.

Two motion types were applied to validate the identified
kinematics model including a pure translation motion and a
hybrid motion with both translation and orientation.

In Fig. 8, a pure translation motion is presented, where the
robot is set to move along a straight line for 40 seconds, starting
from O, overlapping with O. The intended motion is set to
have 0, moving along a straight line thatis 60° around the z-
axis. During this motion, the system (O, — x,Y,2, and O, —
XpYpZp) has no rotation with respect to the global coordinate
system. The simulated motion is given in Fig. 8(a), and the
experimental Vicon marker cluster trail is plotted in Fig. 8(b). As
shown in Fig. 8(c), the overall motion is broken down into 3
components as in x,y,z directions. The predicted motion and
actual recorded motion in each direction are compared: the
system has a period of idle time for 27 seconds with very small
movement due to the Omniveyor robots adjusting their positions
to have 0, overlaying with O, and then starts to move in the
path specified above. There is nearly no y-axis movement,
which corresponds to the Fig. 9(a). From Fig. 8(d), the variation
of position in all directions are within 2%, making the simulation
reliable in motion prediction.
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The orientation accuracy of the 3-mRPS is represented by the
average variation of the platform’s roll, pitch, and yaw during an
isolated translation operation (there should be no variation in
straight line motion, which represents the platform would have
no rotation motion), as well as the angle between the
rails/moving robots. These two parameters would greatly affect
the performance of the 3-mRPS and cause error between the
theoretical kinematic model and the actual performance. The
accuracy of the system is represented by the kinematic model’s
ability to predict the motion of the 3-mRPS with the given initial
condition and kinematic inputs. For pure translation motion
shown in Fig.8, the platform orientation was recorded by the
angles in Fig. 9(a) below. During the idle time, the platform
should have 0° roll and pitch, indicating the platform
experienced no rotation on the O — xy plane. The 57.29° yaw
during the idle time represents the initial position error of the
system’s orientation. As shown in Fig. 9(b), during the idle time
the translation movement along the straight line represented by
the yaw component has a stable error (2.74%) due to an initial
orientation shift; while the system turbulence represented by roll
and pitch component (rotation about the xy -plane) has in
general 0 error with occasional sudden peaks, which could be
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caused by the physical shaking and bumping of the system while
it adjusting its position. However, starting from 27" second, the
system begins to move, and the angle variation also increases.
The system experiences a very large error in roll, up to 33.42°,
which shows extreme unstableness. However, yaw error is much
more stable as the average variation is within 3.43°. During
experiment, the linkage between platform and the limbs would
disconnect and reconnect as the limbs fell out of the 3D printed
spherical joint connector. This is the major cause of the large
error in the platform motion.

Platform Motion
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Figure 9: Roll, Pitch, Yaw (a) Variation (b) Error in Time

In Fig. 10, a hybrid motion with translation and rotation
movement is presented. The whole motion is conducted in two
sections: first the system remains steady (O, overlapping with
0), and each Omniveyor robot moves toward the base, then back
to its original position; second, the whole system then moves
along a straight line and rotate around zj,-axis at the same time.
The simulated path is for the system O, to start from O and
travel along a straight line towards [200,300,z,,]. After it
reaches the destination, the system would go back to O in the
same manner. During the translation, the system would rotate
about zj,-axis clockwise and counterclockwise periodically. The
movement is made in 80 seconds, with stops in between. The
second part of the motion (translation with rotation)

representation is given in Fig. 10(a) to study the rotation motion
of the platform coordinate system, and the Vicon marker cluster
trail for the whole motion is plotted in Fig. 10(b). Both x- and
y-axis motion shown in Fig. 10(c) have pike-like shaking, while
z-axis motion is smooth and stable. These spike-like outliers
correlate with the rotation motion as shown in Fig. 10(a), which
also leads to the zig-zag path shown in Fig. 10(b). In Fig. 10(d),
the motion error between simulation and experiment shows that
during the first section of the experiment, the system O, has
little movement (error < 0.1%), and during the second section of
the experiment the error increases dramatically up to 5.33% in
y -axis direction motion. This factor validates the fact that
incorporating rotation movement during translation would
greatly increase motion error in comparison with pure translation
motion.

Hybrid Motion Simulation
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Simulation and Actual Motion Error
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Figure 8: Hybrid Motion Validation with Results in (a)
Simulation and (b) Experiment (c) Comparison of Motion in 3-
axis (d) Error

With the average position variation of the platform being
small, the control algorithm was well tailored for the given task.
However, the structure design demonstrated much instability and
caused much error. For the variation of errors of the studied 3-
mPRS mobile parallel robot, the variation of simulation and
movement error range is within 2%. The platform movement
error regarding roll, pitch, yaw is however great, close to and
average of 17% for roll, and less than 4% for pitch and yaw. The
error for the identified length of the limb is within 2.04%, the
error for the identified spherical joint center parameter error is
within 5.9%, the error of identified angle between the robots are
within 2%. The system's verification was realized by comparing
the theoretical end effector with the prototype's real-life mode.
The results fall in similar range. Both the theoretical and
experimental results showed that the 3-mPRS robotic structure
is controllable, the real-life model falls within the prediction of
the theoretical model.

5. CONCLUSIONS

This paper developed and introduced the identification and
verification of a 3-mPRS mobile parallel robot with coordinated
actuation bases. The accuracy and durability of the 3-mPRS is
tested and the mechanical constraints are identified. The length
of the limb, angle between each slider/rail, and the trajectory of
the system are identified and validated. The motion of the robots
and the behavior of the platform are identified and simulated.
The translation motion and rotation motion of the system are
decoupled and studied separately. The kinematic model is
examined and tested with simulation. A prototype of the 3-mPRS
was constructed and used for a series of experiments. Both the
experimental data and theoretical predictions show that the novel
design of the 3-mPRS is accurate and has potential in mobile
manipulation applications
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