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Dynamic Modeling of Underwater Manipulator
and its Simulation
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Abstract—High redundancy and strong uncertainty are two main
characteristics for underwater robotic manipulators with unlimited
workspace and mobility, but they also make the motion planning and
control difficult and complex. In order to setup the groundwork for
the research on control schemes, the mathematical representation is
built by using the Denavit-Hartenberg (D-H) method [9]&[12]; in
addition to the geometry of the manipulator which was studied for
establishing the direct and inverse kinematics. Then, the dynamic
model is developed and used by employing the Lagrange theorem.
Furthermore, derivation and computer simulation is accomplished
using the MATLAB environment. The result obtained is compared
with mechanical system dynamics analysis software, ADAMS. In
addition, the creation of intelligent artificial skin using Interlink
Force Sensing Resistor™ technology is presented as groundwork for
future work.

Keywords—Manipulator ~ System,

Robot, AUV,

Sensing Resistor™, intelligent artificial skin system.

|. INTRODUCTION

HE significance of the underwater robot lays in the
potential and promising future of its application as an
effective and intelligent solution for ocean-based industrial
applications. A properly designed Autonomous Underwater
Vehicle (AUV) should be able to carry out operations in an
unstructured  oceanic  underwater environment  while
providinga real-time interface to the operator for handling the
tasks. The tasks may include: diving down to search for a
certain object, picking the object, manipulating the object such
as opening a jar, turning a wellhead, and bring the collected
items back to the surface (see Figs. 1,2 & 3 (a), (b) & (c)).
Although the ability to operate in the subsea environment
presents many opportunities and benefits in research,
commercial and military endeavors, the added challenge of
working underwater often results in technologies that are either
very expensive or have limited functionality. The design work
started from analyzing the current available various components
and operating control technologies of the AUV. Then the
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mechanical structure is determined, including the body frame,
sealing methods and gripper mechanism.

In this paper, we are going to address the kinematics model of
the manipulator, as well as investigate its inverse kinematics and
present, as groundwork, the creation of intelligent artificial skin

using Interlink Force Sensing Resistor™ technology.

Computer simulation is conducted to verify the movement
control process of the arm, through which the parameters of joint

angles, locations and torques are obtained.

e

Fig. 1 AUV with Robotic Arms, after separation from Surface Boat,
diving-down towards Underwater Object of Interest

Fig. 2 Underwater Object Recovery Process
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(a) Underwater Robotic Manipulator arm with three fingers

-

Fig. 3 Underwater Robotic Manipulation activity

Il. D-H REPRESENTATION OF THE MANIPULATOR

Before calculations and analysis of manipulator kinematics,
it is necessary to setup mathematical models for representing

the positions, orientations and frames of each manipulator link.

The general tool used for the space parameters is called the
homogeneous transformation matrix that cans
interrelatekinematical conditions within different coordinate
systems. The transformation matrix in three-dimensional
spaces with a size of 4 by 4, and consists of a position vector
and a rotation matrix.

A1 Q12 Q13 Qg4
0T3 =To1T12T23 = Z;i Zi; Z;; Z;: @
0 0 0 1
a1 = —So
Q12 = —CpC1S2 — CpS1C2
QA13 = CpC1C2 — CpS152
QA4 = CoC1C3Ly — €uS1S2L, + coCc1 Ly
az1 = Co
Q22 = —S05201 — S051C2
Q23 = §$oC1C2 — S05152
Q4 = SqC1CyLy — S0S1S2L5 + SoCc1 Ly
az;; =0
a3, = —S1S, + 1€,
Q33 = S1Cp + €15,
Q34 = S1CLy + ¢1S;L, + 5L + Ly

I11. TRAJECTORY GENERATION

Rough, jerky motions tend to cause increased wear on the
mechanism and vibrations by exciting resonances in the
manipulator. Therefore, it is desirable for the motion of the
manipulator to be smooth. The path of the manipulator is
governed by a smooth and continuous function. Furthermore,
the first and second derivatives of that function are used to
regulate velocity and acceleration respectively [5]. For making
a signal smooth motion, a cubic polynomial and four
constraints are evident. The four constraints are:

6(0) = 6,
6(t;) = 6y
6(0)=0
0(t;) =0

where t; is the time when the manipulator reaches its goal
position, B, is the initial angle position andd; is the goal angle
position. The cubic polynomial has the form:

0(t) = ay + ast + a,t? + ast? 2
Then the joint velocity and acceleration along this path are:

0(t) = a; + 2a,t + 3a;t?
é = 2(12 + 6a3t (3)

Combining the two equations above with the four desired
constraints yields four equations in four unknowns:

90 =AQqy
O = ap + ast; + ayt;® + asty®
(4)
0 = aq

0 = a; + 2a,ty + 3ast;”

Solving these equations, we obtain:
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a, =6,
a1 = 0
3
@2 =132 (6r —00) )

2
a; = _L.f_3(9f_90)

The obtained coefficient of the polynomial can be
calculated, when the joint angle position, time and desired
final angle position is known (see Table I).

TABLE |
TRAJECTORY OF A DEFINED MANIPULATOR MOTION
6 0 b
Rotary joint 1 T2 T s T r_ T,
100 1500 50 500 50 250
Rotary joint 2 m 3m , m . 3 3r , 3 3m
——t—t?——t —t—— ———
27100° 500 50 500 50 2500
Rotary joint 3 T e T s T " T _T,
200 3000 100" 1000 100 500
For a particular case, we define the three rotary joint
positions of the initial manipulator configuration. These are:
045
010 =0, 030 = —g, 030 =10 il
M|
The desired final positions are: ; "
T
T s s 3075
Gr =50 =30 =75 b,
i i i
The time interval ist, = 10s. By substituting the obtained [ U Y O [P RN e con e oo
CoeffiCientS in (5) into the assumed polynomiaL we can define ot e b b e e e ]
the position, velocity and acceleration of the each joint as a o
function of time, which have been plotted in Figs. 4, 5 and 6. | i ;
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Fig. 4 Joint Displacement (radian)
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Fig. 5 Joint Angular Velocity (radian/s)
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Fig. 6 Joint Angular Acceleration (radian/s"2)

IV. DYNAMICS MODEL OF MANIPULATOR

The underwater manipulator’s dynamics model is
established using the Lagrange method. The first step to
establish the dynamics model is to choose a generalized
coordinate system, using which we can determine the
manipulator’s geometry and the forces applied. We choose the
Homogeneous Coordinate System, since it is often simpler and
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more symmetric than Cartesian Coordinate Counterparts [5].
We assume that the manipulator has n degrees of freedom and
consists of an n mass point system. Then each center point
vector can be described in generalized coordinatesby 7. =
7(q1, 92 .- qn), i=1,2..N. Whereq,, q, ... q, are the
coordinate variables. The position of a point in Homogeneous

Coordinate is #=[x 'y iz 1]'. The change of
frame from i to base zero is #= °4; #. A is the

transformation matrix. The homogeneous speed of this point
mass is defined as:

S _ 094 i 04; i>
=04, - 7= (T 50 (6)

Lagrangian dynamic formulation is based on the energy-
balance approach [11], so we need to get started by analyzing
the potential and kinetic energies. The expression for the
kinetic energy of an element i is:

1. 1

dT; = E - #dm = —dlag(rrT)dm
i T
_1, ( 9°4; . p
= —diag e m
=
1 L004; (" 4;)"
=§dlag aq-l ip erTq]qk dm
[j=1k=1

(7
Then the whole domain was integrated with consideration
of the kinetic energy T;for link i:

1
Ti = f dTL:E
link i
OA‘ T
fdlag ZZ 3 A ip ipT (6 L) q,qx [ dm
link i Jj=1k=1 4 A
0[5 25 2 7| 2
_2 lag =14k=1 aq lka m q]qk
a(°4p)
3 21 Sk 1dlag[aq Ji=54, ]q,qk (8)
where;J; = Sy i (7 7T )dm =
L
X
i , , ,
Sk LJZ/ [ 'y ‘z 1]dm
1

In which the mass distribution matrix is olink i.
Mass distribution of the manipulator relative to the reference
frame is defined by J;. The mass center is C=[Xc Y 2.]7,
the moment of inertia representing the rotational motion about
three axes are I, I,, and I, and the product inertias are I, I,
and L,.,. Then the kinetic energy of the manipulator is:

S (a0, aC°a)"\ . .
diag “Ji—=—— | d,4x

aq; aqy

] q]qk
j=1k=1|i=max{j k} J
n n
1 ,
= Ez Z Rk 4,4Gx
j=1k=1
=-4"H(q)q ©)
1 1 1
xc=—J’xdm yc=afydm ZC:EJ’de

I, = f(yz +2z%dm I, = f(xz +z3)dm I, = f(xZ +y2%)dm
= fyzdm

where: m is the mass of a Iink;f dm = m for any link. The x,
y and z are the position vectors of an integral element within
the link body domain. The inertia tensor H; showing the mass
distribution of link i is:

Iy = fxydm I, = fxzdm

-+ L+ L ;
_— pi i
[ 2 xy L., m; 'x, ]
| , -+ i L, m;'y, |
Hy = i 2
llxz inz L+ Lzly_ lIz m; iZC
[ m; X mg 'y, m; iz, s |
(10)
Next is the process to derive the potential energy. In frame

i, the mass center point position is expressed as #;, and the
expression in the base zero frame is 7,; = °4; ‘#;, and then
the potential energy expression in frame i is:

Vi =—mg -y = —mg - °A; Ty (1)
where: g is the gravitational acceleration vector in base zero
frame. By integral within the whole domain, we get the overall
potential energy of the manipulator studied.

V=3V, =-3r,mg- °A; Ty (12)

The Lagrangian dynamic formulation provides a means of
deriving the equations of motion from a scalar function called
the Lagrangian, which is defined as the difference between the
kinetic and potential energy of a mechanical system [11].

L=T-V

oL T ~ . .
_-'=_-.=Zhijqk

(13)
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=_q aqq 9gj

(14
In our notation, the Lagrangian of a manipulator is:

L(q;.4;) = T(a;.q;) — V(a;)

The equations of motion for the manipulator are then given
by:

d 0L 0L

Substituting all the values into this equation we get:

- N s L OH
Zhiij +Zhijq}c 54 37419, =7
k=1 k=1 i

(15)
where j= 1,..., n. And rewriting the equation into matrix
format:

q"Ciq
H(q)g + +G=1 (16)
q"Cug

C;is the Coriolis and centrifugal coefficient matrix.
H(@)G+C(@g+6(q) =7

arc
Where:(q) = [h;;],C(q,9) = [ ] G(q) =
q"Cy

]

V. KINEMATICS EQUATION DERIVATION

In this section, we use MATLAB programming to assist us
in deriving the kinematics equation of the three link
underwater manipulator. The advantage of MATLAB is that it
can deal with complex matrix manipulation, which will make
the derivation process easier and quicker. As revealed before,
the velocity of a point on the manipulator can be obtained by
taking derivatives on the position functions. From the previous
results, the position in terms of the homogeneous coordinates
can be obtained using transformation matrix. From the value
of link parameters, the individual link-transformation matrices
can be computed. Then the link transformations can be
multiplied together to obtain the single transformation that
relates frame [N] to frame[0]:

.9_1

In

O = OT, T, 2T, - "IT, = A, A, A5 - A, 17

For the transformation matrix of rotational joints, the partial
derivative of A; with respect to the variable 6;is determined.
Therefore, we can see:

04; A
30, Qi4;
In the equation:
0 -1 0 0
{1 0 0 O
0 0 0O

Then we take the derivative of equation (17) and denote it
as Uy;.

0°T, 0(AAy- A A;)
ij q; g, 142" Q; Aj =i
(19)
oo (20)
20

Using the dynamics equation from the Lagrangian in the
previous section, we rewrite equation (19):

Ty = Y= Dijd; + X1 Xk=1Dijreq;qr + D; (21)
where:

D = Z Trace(U,;/,U%;)

p=max (i.j)
n
Dijx =
p=max (i,j,k)
n

i = Z ngptrp

p=i

Trace( piklp Ugi)

(22)

In (21), the first section is the angular acceleration inertia,

the second part is the Coriolis and centrifugal force matrix and

the last part is the gravity matrix. Then, we obtain the torques

i for driving the relevant joint i, when a given specified
motion is required.

Ty = Di1G1 + Dy, + Pi3_% + Di11_Qf + Dizzflg2 + Di33Q32,
+ Di12{h‘?z + Di13‘_11(?3 + Diz1‘?2{h
+ Di234243 + Di3143G1 + Diz2q34, + Di( )
23

BecauseD;,, = D;pq, We further simplify (23) and define
the control torque for joint 1:

71 = Dll'q.l + DlZdZ + DlSC.i3 + Dlllq% + Dlqug + D133q.§
+ 2D112Q1q2 + 2D113Q1Q3 + 2D123(ZZEI3
+ Dy
(24)

Control torque for joint 2:
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T, = Da1Gy + Doz + Daziis + Dyq147 + Dyppds + Dys3d3
+ 2D31241G2 + 2D21391q3 + 2D;334,43
+ D,
(25)

Control torque for joint 3:

T3 = D314y + D3pGz + Dazs + D31147 + D322G5 + D33345
+ 2D3124142 + 2D31391 93 + 2D3334,43
+ D,
(26)

V1. HYDRODYNAMICS EFFECTS

In order to accurately model the underwater manipulator,
we need to consider the additional influences on the
manipulator during motion, which are oriented from the
moving incompressible fluids in the underwater environment.
The hydrodynamic forces, along with the manipulator weight
and payload, determine the torques for generating a motion.
Therefore, for the purpose of dynamics analysis, the
integration of hydrodynamic forces into the equation of
motion is needed. In the following section, we used Navier-
Stokes equations todetermine the hydrodynamic effects
including: added mass,added Coriolis and Centripetal, drag
force and buoyancy [13].

TABLE Il
A LIST OF HYDRODYNAMIC EFFECTS
Effect Origin
Added Modification of Kinetic energy of surrounded fluid
mass the dynamic
Drag forces Modification of Viscosity of the fluid
the dynamic
Buoyancy No more gravity Density of the fluid
effect
Currents Current loads Fluid
Waves Forced oscillations acceleration

A. Added Mass

The added mass is generated when a rigid body moves in a
fluid. The movement of the rigid body, which requires an
additional force, will also accelerate the fluid. The added mass
effect is normally neglected in land-based robots, since the
low density of the air exerts little difference, while the water
can cause much more reaction force for the same manipulator
motion [13]. By approximating the manipulator as slow
moving and one which has three planes of symmetry, as is
common for underwater vehicles, the added mass is in the
form of a 6 by 6 matrix. Based on that, the matrix form
expression (27) was developed by [28] for the added mass
effect:

M, = M} = —diag{Xy, Yy, Zw, Kp, My, Ni } 27)

For simplicity, we can approximate the geometry of the
designed manipulator links as cylinders. Then we can easily
obtain the mass inertia matrix for each link through the
equations:

Xy, =0

Y, = prr?L/4
Zy = prriL/4
Kp =0

My = prr?L3/12
Ng = prr?L3/12

B. Buoyancy
Buoyancy is the force that is created due to the volume of

the fluid displaced by the submerged body, and it is defined as:

B = pgV

C. Drag Force

Drag is also known as quadratic linear friction, which is the
main source of effects like potential damping, wave drift
damping, skin friction and so on. The drag force exerted on
the links of the manipulator will be modeled based on strip
theory, which is used by replacing the surface integral with a
line integral along the length of the link’s cylinder. Through
dividing the body surface into small elements, the force is
calculated individually [13].

The drag coefficient is partially determined by the ratio
between the internal forces and viscous forces. An expression
was presented,in [27], for the drag coefficient:

n

1,6 L
r= —Z C, (F) «0.5pDI3d1;|6]6
i=1
(28)
where:
C,4is the drag coefficient, which is a function of the Reynolds
numbers.
D is the outer diameter of the cylinder,
@is the joint angular displacement and
lis the distance from the joints to the segmented length.
The Reynolds number R, is expressed in the equation below.

UbD
Rn=7
where:

U is the body velocity,
D is the characteristic length and

v is the water viscosity.

The hydrodynamic effects should be considered when
analyzing the dynamics characteristics of the underwater
manipulator. In further work, the incorporation of those effects
into the equation of motion should be conducted, following
the modified equation (as shown below):

M(q,§)+C(q,q) +F(@ +G(q)+D(q.q) =1
(29)
where:
qis the joint angular position,
Mis the inertia matrix,
Cdenotes the Coriolis, centrifugal forces,
Grepresents the gravity forces which include buoyancy effects,
Fis the friction term,
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Drepresents the hydraulic drag forces, which are caused by the
relative velocity of the manipulator to ocean current and
waves and 7 is the vector of applied joint torques, which are
actually control inputs.

VII. ADAMS SIMULATION

In this investigation, computer simulation is conducted for
verifying the movement control process of the arm, through
which the parameters of joint angles, locations and torques are
obtained.

The AUV model is simplified and values are assigned for
the simulation. The initial position of the underwater vehicle
(robot) is in the coordinate origin (0, 0), and it is assigned an
acceleration of 0.3m/s? along the X direction, and 0.05m/s?
along Y direction. The joint between the main body and upper
arm is assigned 5d/s® for angular acceleration and the joint
between the upper and lower arm is assigned 10d/s?.

In the defined motion process, the real-time position,
velocity, acceleration and torques of each joint are indicated
within Figs. 7 to 19.
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Fig. 12 Part 2 CM Velocity X, Velocity (mm/s) versus Time (s)
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VI1II. ARTIFICIAL SKIN

Interlink Force Sensing Resistor™s(FSRs), shown in Fig.
20, may be used as the touch sensor of artificial skin for this
underwater robotic manipulator arm. They may specifically be
attached to the fingers for gripping force control. This would
be beneficial for applying the ideal amount of force,in the
underwater robotic manipulation activity illustrated in Fig. 3,
to open the container without deforming it. It would also be
used to repair damage in naval vessels and submarines and in
many other underwater robotic manipulation applications.

Fig. 20 0.2 Inch Interlink Force Sensing Resistor 400
Source: [25]

l

The structure of this sensor can be seen in Fig. 21. It
consists of two membranes and a spacer. The job of the spacer
is to adhere and separate the membranes from one another
such that they are combined with an air gap in between. The

bottom membrane is made up of two traces on tails with an
interdigitated array of fingers in between. The outer layer of
the top membrane is an FSR™ carbon based-ink. When the
sensor is pressed, the upper membrane makes contact with the
bottom membrane and the ink connects the two traces together.
The resistance of this connection is dependent upon the
applied force [26].

The force sensing characteristic of this sensor can be seen in
Fig. 22. As can be seen, the sensor resistance decreases with
increasing applied force. For the majority of this region the
governing relationship is an inverse power law[26].This
special region can be exploited by interfacing the sensor with
the onboard AUV PC/104 brain via an ADC.
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Fig. 21 Basic components of an Interlink FSR
Source: [26]
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Fig. 22 Typical Force Curve of an InterlinkFSR 400
Source: [25]

IX. CONCLUSION

In order to setup the groundwork for the research on control
schemes, the geometry of the manipulator is studied for
establishing the direct and inverse kinematics. Then, the
dynamic model is built by using the Lagrange theorem and
modeled in MATLAB. The challenges in designing an
underwater manipulator is studied which lays a foundation for
integrating the hydrodynamic effects into the normal
manipulator dynamics. The outcome of this research-
investigation, (mainly dynamics analysis) is successfully
simulated using mechanical system simulation software
ADAMS. Furthermore the groundwork for future work
involving the creation of intelligent artificial skin using
Interlink Force Sensing Resistor™ technology is presented.
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