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Abstract In this work, we introduce a category of dynamic manipulation processes, namely passive dynamic object manipulation,
according to which an object is manipulated passively. Specifically, we study passive dynamic manipulation here. We define the
main concept, discuss the challenges, and talk about the future directions. Like other passive robotic systems, there are no actuators
in these systems. The object follows a path and travels along it under the effect of its own weight, as well as the interaction force
applied by each manipulator on it. We select some simple examples to show the concept. For each example, dynamic equations of
motion are derived and the stability of the process is taken into account. In this direction, some rules are derived under which we
ensure that the manipulation process does not fail. Simulations support this idea.
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Dynamic manipulation is a main branch of robotics in
which an object is manipulated dynamically using robotic
systems. Important topics in dynamic manipulation in-
clude dynamic equations, control and stability of the pro-
cess. The nature of control indicates that we should actuate
the system using some actuators to force the system to fol-
low our preferred trajectory. However, system “actuation”
means energy consumption in order to force the system in
the desired manner. The less energy consumption we have
in the system, the more efficiency can be obtained. Passive
systems are usually more efficient than active systems.

Here, we introduce a new branch of dynamic manipula-
tion, namely passive dynamic object manipulation (PDM).
In PDM, we manipulate objects by using no actuators and
force the objects to follow a desired trajectory. An exam-
ple of passive dynamic object manipulation can be seen in
Fig. 1 where children slide down a slide in the playground.
This task can be interpreted as passive manipulating of
children by the slide. Many examples of such passive ma-
nipulation occur daily around us.

Fig.1 An example of passive dynamic object manipulation
Our study is about passive dynamic systems, where a de-
vice operating passively, can dynamically be efficient since
it needs no energy for stabilization or control, and only
requires power to recover small energy losses. The most
fundamental cause of this energy loss is impact, which can
be found in all passive systems. In most passive-dynamic
studies, power comes from the potential energy gained by
the decreasing height of the center of mass of the system,
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e.g., moving down a ramp. Gravitational power is an easy-
to-implement factor for other simple low-power sources. In
a way, the passive dynamic approach is the opposite of
the trajectory control approach, which tends to use control
actuation to force a system against its natural dynamic
tendencies.

Passive systems have a long history in robotics. Most
passive systems designed and manufactured up to now are
passive walkers and runners. Simple two-legged passive
walking toys were designed at least a century ago as in
[1—2]. These toys operate on principles described by well-
known concepts, but their analysis has only been possible
recently by using modern computers, because of nonlinear
nature of Newton’s laws, as applied to such walking ma-
chines.

Biped ramp walkers travel down a gentle slope and they
walk in a somewhat stable, passive, three-dimensional gait.
More recently, Coleman et al.®¥l and Mombaur et al.l have
demonstrated different kinds of passive walkers that walk
very well. Their Tinkertoy walker is stable only when in
motion. Also, Collins et al.’! has designed an efficient
biped walking robot based on passive ramp walker mecha-
nisms.

McGeer effectively started the modern incarnation of
the passive dynamic approach to locomotion. Having
noted that the Wright brothers mastered gliding first, then
added a small amount of power to make successful pow-
ered airplanes, he used the development of airplanes as
inspiration[e]. In this view, passive dynamic ramp walk-
ers are the gliders of walking robots. McGeer developed
these free-motion designs using a nonlinear stability anal-
ysis based on numerical simulation of the Newton-Euler
equations of motion. These studies led to his completely
passive designs, implemented both in simulation and as
walking machines built of bars and hinges. The McGeer
machines, which have remarkably human-looking gaits, are
more energy efficient than other walking robots, and are
inherently stable with respect to small disturbances!®l.

This work is also a kind of nonprehensile manipulation
(manipulation without a form- or force-closure grasp). Us-
ing dynamic nonprehensile manipulation (DNM), we can
manipulate an object too large or heavy to be grasped and
lifted by eliminating the gripper. Therefore, the structure
of the manipulator is simplified. DNM allows a manipula-
tor to control multiple parts simultaneously, using whatever
surfaces of the manipulator that are available. If we define
the workspace of a robot as the set of reachable states for
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an object manipulated by the robot, the size of the robot’s
workspace is effectively increased by throwing the object to
points outside the robot’s kinematic workspacel”.

Lynch et al.®l introduced some planning methods for
manipulation of polygonal objects on the surface of 1-
DOF manipulator. According to their methods, the ob-
ject can be moved forward away from the arm’s pivot.
Tabata et al.l”) studied a tossing problem where a 1-DOF
manipulator tosses a circular object out of its workspace
into a desired position with a free orientation. To move
the object out of the arm’s workspace, the release velocity
should be high, which results in a large catching impact.

Other examples of DNM include dynamic object manip-
ulation of a disc using two planar manipulation[m] , dynamic
manipulation of objects using multiple manipulators[u],
dynamic manipulation of multibody objects[12], kinematic
manipulation such as rolling an object between two
plates[13_14], quasi-static manipulation such as pushing
with point contact!*® or pushing parts on a conveyor belt
using a robot with just one joint[w], and dynamic manip-
ulation such as dynamic rolling[m and snatching, rolling,
and throwing[ls].

1 DMotivation and outline

Simplicity and high efficiency for mechanical systems is
the first and main motivation for studying passive systems.
PDM is no exception. Second, in such passive systems,
the control of speed and position is not a problem since
the process is performed autonomously. In addition, the
simple structure of the machine helps one to understand
the concept.

Dynamic manipulation is a challenging subject in
robotics. Dynamics, control, and stability are the most
important issues in the systems categorized in this range.
Impact usually is a major part of such systems. Therefore,
most of these systems can be categorized as nonlinear sys-
tems with impulse effects. To study control and stability
of such nonlinear systems is very complicated and need be
paid much attention. We study the possibility of introduc-
ing a new branch of manipulation systems, which are sta-
ble and do not need any control actuation. Our main goal
is to define some passive systems capable of manipulating
objects. Here, “object” is anything that is to be manip-
ulated passively. “Passive manipulation” is the process of
such motion without consuming any net energy. Moreover,
“manipulator” in PDM is the device that performs any task
on the “object”.

Some of the advantages of such passive manipulation sys-
tems in comparison with active ones are:

1) PDM systems are less energy-consuming and more
efficient.

2) There is no need to consume cost, energy, and time
to study control strategy in PDM systems.

3) In a successful design for a PDM system, stability is
guaranteed. However, the stability region of passive sys-
tems is usually very limited.

4) PDM may construct a structure to design optimal and
active manipulation systems. This is achieved by adding
small actuation to passive systems in order that they follow
some favorite trajectories close to their natural behavior.

Although passive systems are very simple and compre-
hendible, the first step in designing such systems, i.e., to
find appropriate parameters for the system so that it works
stably, is very important and time-consuming. Here, the
main challenge is to show the possibility of designing some

simple kinds of PDM. If so, what are the stability condi-
tions for the PDM systems to act properly?

Future directions of this study include finding a general
framework and approach to design and study PDM sys-
tems. This can be divided into several sub-problems such
as selection of optimal system’s parameters and stability
issues. The study of manipulation of multibody passive ob-
jects using multilink passive manipulators is also an issue
on which the authors are currently working. In addition,
it is very interesting to abridge passive manipulation with
passive locomotion. Actually, the current work is part of a
more extensive, ongoing study to find relation between dy-
namic passive manipulation and dynamic passive bipedal
locomotion. In fact, we are interested in defining passive
locomotion as a special case of passive manipulation.

Here, we try to introduce the idea of passive dynamic
object manipulation with the aid of some examples. Since
our main goal is to open discussion for future works, the
examples are chosen for their simplicity. The examples do
not belong to any special class of dynamic manipulation. In
the following sections, we introduce the concept and discuss
our way to approach it, followed by a few examples for
demonstration purposes.

2 Concepts and planning

As discussed before, the idea of passive dynamic object
manipulation has arisen from our interest in designing sys-
tems, which have no actuators but still able to manipulate
objects. From the view of passive systems, this idea is not
novel as other researchers have used it to design and an-
alyzed other passive systems such as passive walkers. We
focus on systems including passive manipulators, which are
able to redirect the path of an object. In fact, these manip-
ulators impose some constraints on the object’s trajectory.
Here, we define manipulators as anything that can passively
manipulate an object. For example, when a ball strikes the
wall and rebounds, we assume that the wall is a passive
manipulator, which changes the path of the ball.

The motivation of moving an object (the ball) along its
path comes from gravity. In addition, impact is an in-
evitable occurrence in this kind of passive system. These
two factors are equivalent during the process, i.e., the en-
ergy dissipated by impact will be given back to the system
by gravity. Usually, impact occurs in a semi-periodic man-
ner. Between two impacts, the system tries to retrieve its
energy. We are interested in designing a system in such a
way that the cycles between consecutive impacts are simi-
lar. Then, we can claim that our system has a periodic and
stable behavior. Detailed analysis of stability of dynamical
systems usually involves complicated formulation and com-
putation. In this paper, we will not deal with this intricate
topic. In the following section, we offer some examples of
PDM systems.

3 Examples of PDM

Here, we offer three simple examples of PDM: a friction-
less bouncing ball, a bouncing ball with friction, and the
passive manipulation of a polygonal object. We analyze
the examples and derive some conditions for the systems
to be periodic and stable.

3.1 Example 1: frictionless bouncing ball

Suppose that we want to design a system including a ball
bouncing on different level surfaces. The goal for the ball
is to negotiate down stairs without any increase in velocity,
i.e., after each impact, the ball starts a new cycle the same
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as the previous one (see Fig.2). Actually, this example
can be seen as a hopping problem, but we categorize it as
a passive dynamic object manipulation, because there is
no actuator acting on the ball. We suppose that the stairs
manipulate the ball in a passive manner. This point of view
will help us to analyze and design a passive manipulation
system in future work, since impact is the main part of a
passive system.

Fig.2 Two consecutive impact points A and B and
corresponding parameters when a ball bounces down stairs

Considering that the surfaces are frictionless and the im-
pacts between ball and surfaces are not purely elastic (with
restitution coefficient of 0 < ¢ < 1), we are interested in
the conditions of the system and the proper arrangement
of the stairs which will allow the ball to have a periodic
trajectory between each step. By our definition, a step
or period occurs between two consecutive impacts of the
ball with sequential stairs. Fig.2 depicts two consecutive
impact points. Their vertical distance is h and horizontal
distance is d. We may model each period with the two im-
pact points of A and B. For the process to be periodic, it
is necessary for the object to have equal impact velocity at
both impact points A and B. In addition, rebound veloc-
ity at both impact points should be equal. Suppose that
the ball impacts the stair at point A with the velocity of
AV. Also, suppose that its vertical velocity before impact
at point A is AVyf and afterward it has a rebound vertical
velocity of AV;‘. As the impact is not purely elastic, these
two velocities are related as

AVt rex AV =0 (1)
where ¢ is the restitution coefficient of surfaces. Moreover,
let AV, and “V;" denote the horizontal velocity of the
object just before and just after impact at point A, re-
spectively. Since the surfaces are frictionless, we have no
reaction in horizontal direction and therefore there is no
change in the momentum of the ball. Therefore, we have

vt = Avo (2)

Let us denote vertical velocity of the ball before and after

impact at point B by Z V, and B Vy"', respectively. If we

want the ball to have the same impact velocity at impact
points A and B, B V,,~ should be equal to AVy_. Therefore,
from (1), we should have

AV +ex Py =0 (3)

On the other hand, supposing that we have no air resis-
tance acting on the ball during free flight, we may derive a
relation for h (see Fig.2) as

(vai)Q - (AVer)Q

h =
29

(4)

which after combining with (3) will be

h:%(l—f) (5)

In the initial state, suppose that the ball drops down
with the initial height of ho and initial horizontal velocity
of Vo. Equation (2) shows that there is no change in the
horizontal velocity of the ball during impacts. This is true
for other moments of the process as well, because there is
no horizontal force acting on the ball. Therefore, we can
write that

Ayt =4y, =By =8y, =V, (6)

Applying the energy law between initial state and the
first impact point, e.g., point A, gives us

_ (v’
Combining (7) with (5) results in
h=(1-¢%) ho (8)

which determines the vertical distance of two sequential
stairs. Moreover, by computing time t between two im-
pacts, i.e., t = (°V, — *V,")/g, and using (3) and (6), we
can easily derive the horizontal distance of the consecutive
impact point, d (see Fig.2). That is

d:,/%“’(ws)vo (9)

3.2 Example 2: bouncing ball with friction

In this example, we repeat the previous study with the
exception that we have some friction in the contact surfaces
of the system (see Fig.3). We assume that in this exam-
ple, r is the ball’s radius. Furthermore, m and J denote
ball’s mass and its moment of inertia about the center of
mass (COM), respectively. In addition, we further make an
assumption that the ball is rolling without slip during im-
pact. This can be achieved with enough friction to prevent
the ball from slipping.
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Fig.3 The ball’s parameters (m is the ball’s mass, J is the

ball’s moment of inertia about center of mass, and r is the

ball’s radius.) and impulse forces acting on the ball during
impact

Results for changing vertical velocities during impact are
the same as those derived in Example 1. Therefore, we fo-
cus on horizontal direction. During impact, two impulse
reactions of F, and F, act on ball (see Fig.3). These im-
pulse forces change the linear and angular momentum of
the ball during impacts. Suppose that this impact occurs
at point A. For the horizontal direction we have

Fo=m (AVJ - AV;) (10)
Assuming that the ball has an angular velocity of

Aw~and 4w just before and just after impact, respec-
tively, we may write a relation for them as

E, Xr:J(Aw+—Aw_) (11)

The constraint of rolling the ball without slip gives us an
additional relation of

AV = —rx At (12)

therefore, combining (10) ~ (12) gives us

2
A+ mr A, — J a4 _

= B — [ 1
Ve (mr2+J)( Ve mr w) (13)

A 4+ mr ay—  Joa -
w _(7mr2+J>( V. W ) (14)

These two equations obviously indicate that the veloci-
ties after impact, i.e., linear velocity in the z-direction and
angular velocity, are different from velocities before impact
only in the first impact and in the case of

and

Veo # 1 X wo (15)

where V,; o and wp are the initial linear and angular veloc-
ities of the ball, respectively. Since after each impact, (12)
is valid for the velocities, and because the velocities after
each impact are the velocities before the next impact, for
the impact i, ¢ = B, C,--- (impact points), we may write
that _ _

Vo =rx'w” (16)

Substituting (16) in (13) and (14) gives us

W=, Ww =%, i=B,C,--- (17)

In the case of initial conditions hg, Vp, and wg to be initial
height, initial horizontal linear velocity, and initial angular
velocity, respectively, (8) is still valid for this example. For
d, we may easily obtain

d= ﬁu +e) (#’i’) (Vo — %wo) (18)

3.3 Example 3: passive dynamic manipulation of
a polygonal object

In this example, we model a dynamic manipulation sys-
tem including a polygonal object and a series of 1-DOF
passive manipulators (see Fig.4). The goal of designing
such a system is to manipulate the object in a (semi) peri-
odic manner. For simplicity, we assume the object to be a
rectangular object. Assumptions in this example include:

1) All manipulators have same structures;

2) The position of manipulator ¢ = 1,2, --- with respect
to manipulator ¢4 1 is the same as that of manipulator i+ 1
with respect to the manipulator i + 2;

3) Manipulators do not collide with each other;

4) The impact between object and each manipulator is
a plastic (purely inelastic) impact, i.e., e = 0;

5) At the first impact, the object lands on the middle
point of the first manipulator’s palm;

6) There is enough friction in the surfaces to prevent the
object slipping on the manipulator;

7) The object impacts each manipulator at the angle «
and leaves it, i.e., impacts the next manipulator, at the an-
gle 3 (see Fig. 4, angles are measured clockwise with respect
to the vertical direction);

8) The object’s mass is m, the palm’s mass is M, and
two other links are mass-less. In addition, the length of
each link of the manipulator is [.

N Object

Manipulator 1

Manipulator 2

Fig.4 Passive manipulation of a rectangular object using
some serial passive manipulations

We begin with analyzing the impact between the object
and the motion-less palm of the first manipulator in its
initial configuration (see Fig.5). Suppose that the absolute
velocity vector of the object in the moment of impact is

V =Vii+V,j (19)

where 4 and j are unit vectors in the z-y plane. In the
case of impact, all impulse reactions in the n-direction are
endured by the links (n-t coordinate system is shown in
Fig. 5). We are actually interested in the ¢-direction motion
of the object. There is no force or impulse load acting on
the integrated system of palm-object in the t-direction. The
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absolute velocity of the object just before impact, V,~, in and
the t-direction can be written as V3 = V| cos Bi — [V s|sin 3j (26)

Vi =V xet=Vzcosa+ Vysina (20)

where e; is the unit vector in the t¢-direction. So regarding
Assumption 4), we can write an equation for the velocity
of the object and the palm just after the impact, V;', by
using the linear momentum conservation for the integrated
system of object-palm in the t-direction:

V+_ m — m
t

= m t = m (V;E cos o + Vy Sin a) (21)

(@ ®)

Fig.5 Two snapshots corresponding to the manipulation of
rectangular object using a 1-DOF manipulator
((a) Impact between the object with absolute velocity V' and
the manipulator in its initial configuration;
(b) Manipulator tends to rotate clockwise after satisfying

conditions (22) and (23))

For the manipulation process to be continued, it is neces-
sary for the manipulator to rotate clockwise until the object
releases. This means that the object should reach the top
point in its traveling trajectory. Therefore, we should have
some condition like

Vit > /291 (1 — cos ) (22)
and therefore

m+ M

Vecosa + Vysina >
m

2¢gl (1 — cos @) (23)

If the process satisfies condition (23), the manipulator
reaches its vertical configuration and afterward, because of
gravity, it tends to rotate clockwise and falls down (see
Fig.5(b)). For every configuration corresponding to angle
6 (Fig.5 (b)), the magnitude of absolute velocity of both
object and palm, Vy, can be easily derived from conserva-
tion of energy law as

Vol = Vi (6) = 16 =
(m(VzcosaJrVysina

) 2
2 _
o M + 2gl (cosa — cos 0)

(24)
and for § = 3, we clearly have
Vsl =
m (Vz cosa + Vy sin )
m+ M

2
) + 2gl (cos a — cos 3)
(25)

Now, whenever the second impact occurs (where 8 = 3),
the velocity Vg in (26) plays the role of V' in (19). From
now on, we may consider

Ve=|Vg|cosB, V,=—|Vg|sing (27)

For the passive manipulation process to be periodic, Vg
described by (26) and (27) should satisfy (23). Each value
of B, which satisfies this condition, can be chosen for the
separation of the object from current manipulator and oc-
currence of the next impact. It is not required for all 3
in all manipulators to be the same for continuation of the
manipulation process, but if we are interested in periodic
cycles, we may impose such a constraint. Then for the
impact ¢, ¢ = 2,3,--- , we may rewrite (25) as

<m|V5| (cosﬂcosa—sinﬁsinoz)>2Jr
V| = m+ M
2gl (cos o — cos 3)

2
2.0 2
(557 oo G- Vol +
29l (cos o — cos B)
(28)
That is,
2gl (cos a — cos 3
Vol = gl (cosex — cos ) (20)
<1 — <mTM) cos? (B — a))
and with a little calculation, we will obtain
2 (m + M)? gl (cos a — cos 3
Vil =y 2mt Mgl LG

M2+ 2mM +m?sin? (3 — )

Now, every o and 8 which evaluate [V g| in such a way
that it satisfies (30), (27) and afterward condition (23) are
acceptable. Having determined « and (3, we may now deter-
mine the vertical and horizontal distance of two consecutive
manipulators (see Fig.4) as

x =1 (sina + sin ) 31
y = —l(cosa — cosf3) (31)

According to Assumption 2), we suppose that z and y
are the system’s parameters and do not change for individ-
ual manipulators. However, it is notable that, if there is
any inaccuracy in x and y in (31), it does not mean that the
process cannot be successful. In fact, (22) and (23) are the
key equations to check if the manipulation is successful in
any step. Fig. 6 (a) shows an exact-assembled manipulation
system while Fig. 6 (b) illustrates an inaccurate-assembled
one. In this figure, the red-colored manipulator has some
offsets in x and y with respect to the values computed from
(31). It is seen that the manipulation continues in spite of
these offsets. Furthermore, the acceptable offsets in x and
y should let the manipulation process be performed phys-
ically. For example, Fig.6 (c) depicts a very inaccurately
assembled manipulation system. In this system, the red-
colored manipulator physically cannot pass the object to
the next manipulator. Therefore, the whole process refuses
to continue.
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(a) An exact-assembled manipulation system

A

(b) An inaccurate-assembled manipulation system

A

(b) An inaccurate, failed manipulation system

Fig.6 Passive manipulation of a rectangular object using a
series of 1-DOF passive manipulators

4 Simulation and results

In this section, we simulate the examples discussed in
the previous section. All simulations have been done with
2-D working model software. For the first example of a
friction-less bouncing ball, we assembled and ran a system
in the software with the initial conditions

ho = 111’1, Vo = 2[1’1/8 (32)

and system parameters of

1 =0 (no friction), =0.8
h=0

36m, d=1626m (33)

where h and d are calculated based on (7) and (8). Fig.7
depicts the y-direction displacement of the ball in this sim-
ulation. It is seen that the behavior of the ball is quite
periodic in the y-direction as we expected. We did not
plot z-direction diagram of the ball, as it did not add any
valuable information.
For the second example, i.e., a bouncing ball with fric-
tion, the initial conditions are as follows
h() = lm,

Vo =3m/s, wo=0.5rad/s (34)

By choosing

= 0.5 (system with friction), €=10.8 (35)
r=0.5m, m=0.283kg, J=0.035kg m?

where p is the coefficient of coulomb friction, and r, m,
and J are defined in Fig. 3, the parameters d and h of the

system could be obtained from (18) and (7) as
h=036m, d=1.565m (36)

The y-direction linear velocity of this example is the same
as that of the previous example (see Fig. 7), but the angu-
lar velocity and z-direction linear velocity of the ball in the
current example is depicted in Figs. 8 and 9, respectively. It
is obvious that the angular velocity and z-direction linear
velocity of the ball have jumps during the first impact, and
afterward these do not change, as discussed in the previous
section; please refer to (13) ~ (17) and corresponding dis-
cussion. After the first impact, they experience no change
during the process. In this case, their constant values can
be obtained from (17).

1.5

1F

=4
n
T

<
T

y displacement /m

05 1 15 2 25 3 35 4 45
Time /s
y-position of the ball in both with-friction and
friction-less mode

o
n

|
=4
wn O
—

[ |
D=
L R S R
—T

Angular velocity /(rad/s)
I
(95

|
e
%3
T

I
S
T

I
&~
w

f=)

0.5 1 1.5 2 2.5 3 35 4 45
Time /s

Fig.8 Angular velocity of the ball in a friction mode

32

3

28f

26}

241

22F

x-direction velocity /(m/s)

2F

1’80 0.5 1 1.5 2 25 3 35 4 45

Time /s

Fig.9 z-direction linear velocity of the ball in friction mode

For the system of rectangular object manipulation using
a series of 1-DOF manipulators, we again use 2-D working
model to simulate the results. In this direction, we choose
the base of inertial frame z-y placed on the first pivot of
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the first manipulator (see Fig.6). For the object and each
manipulator, we choose

m=1kg, M =0.1kg, [=2m (37)

Then, we consider that the rectangular object has initial
conditions as

(z0,y0) = (—1.25,3.05) m

38
(Veo, Vo) = (3,0) m/s 39
1.5
J -
£ ost
5
5§ ot
2
2
..6_05 B
=~
_J -
S5 1 15 2 25 3 35 4 45
Time /s
Fig.7 y-position of the ball in both with-friction and
friction-less mode
1
0.5

Angular velocity /(rad/s)
|
@

] 0.5 1 15 2 2.5 3 35 4 45
Time /s

Fig.8 Angular velocity of the ball in a friction mode

32

3

2.8f

2.6t

241

22¢

x-direction velocity /(m/s)

0.5 1 1.5 2 2.5 3 35 4 45
Time /s

Fig.9 z-direction linear velocity of the ball in friction mode

In addition, we consider that the impact is purely in-
elastic and the surfaces have enough friction to prevent the
object from slipping on the palms. In other words,

e=0, pu=038 (39)

By these values, we choose a and (8 in such a way that
(23) is satisfied. Then, we have

a=0.2rad, (=0.6rad (40)

In this way, the distance of two consecutive manipulators
can be obtained from (31) as

z =1 (sina+sinf) = 1.5266 m (41)
y =1 (cosa — cos3) = 0.3095 m

As depicted in Fig. 6 (a), we assembled the system accu-
rately and ran the simulation for five steps. Fig.10 shows
variation of y-direction linear velocity of the object with
respect to the time t. It is obvious that the behavior of the
object in this direction is periodic after the first impact. In
the first impact, the vertical velocity of the object is de-
pending on the initial conditions, i.e., (38). In addition,
Figs. 11 and 12 depict the z-direction linear velocity and y-
direction displacement of the rectangular object during the
passive manipulation process done by a series of 1-DOF
passive manipulators, respectively. They show the periodic
behavior of the system after the first impact. In addition,
Fig. 13 illustrates the actual path of the object in the z-y
plane. It is notable that we ran the simulation with a va-
riety of initial velocities and all simulations led to similar
results.

0.5
0
-0.5
-1
-15
-2
-25
-3
-35
-4

y velocity /(m/s)

0 0.5 1 1.5 2 25 3 3.5 4
Time /s

Fig.10 y-direction linear velocity of the rectangular object in
passive manipulation using a series of 1-DOF manipulators

x velocity /(m/s)

0 0.5 1 1.5 2 2.5 3 35 4
Time /s

Fig. 11 z-direction linear velocity of the rectangular object in
passive manipulation using a series of 1-DOF manipulators

As we discussed before, we also let the system be assem-
bled inaccurately. This way, we chose z and y in (41) in
a way that they have corresponding offsets for the second
manipulator as (see Fig. 6 (b)):

Az =0.1m, Ay=-02m (42)

Then, we can see in Fig. 14 that the manipulation can con-
tinue while z and y in (41) experience some mismatches. In
this figure, the path of the object is also included for com-
parison. It is obvious that the object, after being passed
from inaccurately assembled manipulator, has a periodic
behavior.
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Fig. 12 y-direction displacement of the rectangular object in
passive manipulation using a series of 1-DOF manipulators

v displacement /m

0.5
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Fig.13 Actual displacement of the rectangular object in
passive manipulation corresponding to Fig. 6 (a)
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- - - - Exact manipulation
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2.5}
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Part of manipulation done by
inaccurately placed
Ir manipulator

0.5

-1 0 1 2 3 4 5 6 7
x displacement /m
Fig.14 Actual displacement of the rectangular object
corresponding to Fig. 6 (b) (One of the manipulators (the
second one) is inaccurately placed.)

—— Failed manipulation

- --- Successful manipulation

[SS]

In another experiment, we chose (see Fig. 6 (c))

Ar=0m, Ay=-04m (43)
for the second manipulator and ran the simulation. These
offsets are too much to let the inaccurately assembled ma-
nipulator pass the object to the next manipulator success-
fully. Therefore, the whole process failed and the object
stopped moving among manipulators. Fig. 15 is the corre-
sponding result for this simulation.

5 Conclusion

In this paper, we discuss a new topic in robotics, namely
passive dynamic object manipulation. A passive dynamic
manipulation system performs manipulation of an object
without the aid of actuators. As this was the first time that
such a discussion was opened, we tried to express the con-
cept by using some very simple examples and giving appro-
priate analysis. Examples included a bouncing ball mov-
ing down friction-less stairs and stairs with friction, and
rectangular objects manipulated by serial passive 1-DOF
manipulators. Finally, we support our formulations with
the aid of simulations. During simulation, we saw that the
manipulation of the rectangular object could continue even
in the presence of some inaccuracy in system parameters.
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