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Abstract: This paper presents a novel nonprehensile manipulation method that uses the vibration of
a plate, where the two degrees of freedom of a part on the plate are controlled by only one actuator.
First, a manipulator whose end effector is a flat plate is introduced. By employing an underactuated
joint mechanism, the shape and orientation of the vibrational orbit of the plate vary according to
frequency and offset angle of the sinusoidal displacement input to an actuator. Then, simulation
analyses reveal that the manipulator can omnidirectionally induce translational velocity to the part
on the plate. There exists an orthogonality between the effects of the frequency and offset angle on
the velocity map of the part. Based on this characteristic, a visual feedback control for manipulating
the part is designed. Finally, the proposed method is validated via experiments using a prototype
manipulator. A target-trajectory tracking task and a four-way part-feeding task are demonstrated.

Keywords: nonprehensile manipulation; underactuated mechanism; omnidirectional velocity

1. Introduction

Robotic object manipulations include the grasping type, which employs multifingered hands [1].
This type has the advantage of higher dexterity and accuracy by using a large number of degrees of
freedom (DoF) of the robot. Besides, robotic object manipulations include the nonprehensile type [2-24]
shown in Figure 1a. Compared with the grasping type, the nonprehensile type has the advantage of
simplicity from the viewpoints of its mechanism and control law. Although a simple flat plate is utilized
as an end effector, the position and orientation of a part can be controlled. Thus, the nonprehensile type
has a capability to be applied to generic part-feeding and part-sorting devices in industrial systems.
Moreover, because such a type does not involve grasping or picking a part, the stress concentration
and the damage on the part are small. This implies that the nonprehensile type is suitable for handling
delicate parts, such as food products and biological tissues.

So far, various nonprehensile manipulation schemes have been proposed. A typical approach
is to use fully actuated systems, where the number of actuators required for driving the plate is
equal to or greater than the number of DoFs of the part to be controlled [2-15]. Figure 1a shows
an example of two-DoF manipulation by two actuators, where the moving velocity of a part can be
induced omnidirectionally by using the X-Y translational motion of the plate. In contrast, relatively
few studies for nonprehensile manipulations with underactuated systems have been reported [16-24].
Generally, an underactuated system contributes to simplify hardware and to reduce the number of
actuators and sensors installed. It has a potential for reducing the cost, weight and maintenance
labor of robot systems utilized as a planar part-feeding and part-sorting device. Based on such a
motivation, the authors’ group has discussed a nonprehensile manipulation scheme where the two-DoF
manipulation is realized by only one actuator. The preliminary work [23] proposed an underactuated
joint mechanism with viscoelasticity and a nonparallel axis layout. The mechanism was utilized to
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vibrate a horizontal plate. It was shown that the direction of the induced velocity of a part on the
plate could be changed according to the vibrational input to an actuator. However, the direction of
the induced velocity was limited, and the part could not move directly in particular directions. While
the underactuated nonprehensile manipulation methods using one actuator were discussed [19-24],
there was no method that can control the induced velocity of a part omnidirectionally. The current
work attempts to introduce a new manipulator using the underactuated joint mechanism introduced
in [23] and a control law that can produce omnidirectional velocity of the part, as shown in Figure 1b.
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Figure 1. Nonprehensile manipulation using plate vibration. Omnidirectional velocity of a part can
be induced. (a) Typical approach: two-DoF manipulation by two actuators. (b) Proposed approach:
two-DoF manipulation by underactuated mechanism with one actuator.

This paper presents a nonprehensile manipulation via plate vibration. A two-DoF translational
manipulation scheme of a planar part using only one actuator is proposed. First, a model of a
manipulator with a flat plate end effector is introduced. The manipulator employs an underactuated
mechanism composed of an actuator-driven active joint and a passive viscoelastic joint. The two
joint axes are nonparallel to each other. A significant feature of this mechanism is that the vibrational
orbit of the plate varies according to the sinusoidal displacement input to the actuator. Then, through
simulation analyses, the velocity map that is drawn by the induced velocity vectors of the part
by changing two input parameters, the frequency and offset angle of the sinusoidal displacement,
is investigated. It is revealed that the manipulator can produce an arbitrary velocity of the part
omnidirectionally. An interesting observation is that there exists a zero velocity point led by certain
input parameters. In the neighborhood of the zero velocity point, orthogonality between the effects of
the frequency and offset angle on the induced velocity is shown. Based on the above characteristics,
a visual feedback control for omnidirectionally manipulating the part is designed. Finally, the proposed
method is validated via experiments. A target-trajectory tracking task and a four-way part-feeding
task are demonstrated.

The paper is organized as follows. In Section 2, related works are summarized. In Section 3,
the model of the manipulator is introduced. In Section 4, the omnidirectionally induced velocity of the
part is shown. In Section 5, the visual feedback control is designed. In Section 6, the experiments are
described. Finally, Section 7 presents the conclusions of this study.

2. Related Works

Most of the conventional works of nonprehensile manipulation have involved fully actuated
systems. Manipulation strategies wherein at most six-DoF motion of a part can be controlled by the
plate attached to a six-DoF manipulator have been studied [2,3]. The universal planar manipulator
(UPM), which consists of a horizontal plate with four linear motors was developed [4,5], and the
three-DoF motion (two translational motions and one rotational motion) of a part was controlled.
A flat plate manipulator with six speakers for vibrating the plate was developed, and it was shown
that the three-DoF motion of a part can be controlled [6-10]. A one-DoF translational manipulation
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using a symmetric saw-tooth surface was proposed, in which micro-parts are transported using a
single piezoelectric actuator [11-14]. A manipulation method using a surface on which the friction
property varies depending upon the sliding direction of a part was discussed [15]. Underactuated
nonprehensile manipulation has been employed in some studies. A manipulation scheme inspired
by the handling of a pizza peel was proposed; in this scheme, the three-DoF motion of a part was
controlled by a two-DoF plate [16-18]. The motion planning of the planar dynamic nonprehensile
manipulation using a one-DoF manipulator was discussed [19]. In the vertical plane, the position
and orientation of a part was controlled by using slipping, rolling, and free flight motions generated
by the one-DoF manipulator. The manipulation method for the two-DoF positioning of a part based
on the node of an elastic plate vibrated using a linear actuator was discussed [20-22]. In the above
methods, the velocity of the part was not controlled. The authors proposed a manipulator equipped
with an underactuated joint mechanism [23] that can change the direction of the induced velocity of
a part on the plate by using one actuator. As described in Section 1, however, the direction of the
induced velocity was limited. Employing the underactuated mechanism for generating non-horizontal
dynamic plate motions, a different type of manipulator for positioning and orientating a part was
developed [24]. In this method, however, the velocity of the part cannot be controlled. As far as we
know, there was no manipulator that can control the induced velocity of a part omnidirectionally by
using only one actuator as shown in Figure 1b.

3. Model of Manipulator

This section describes the model of a manipulator with a plate end effector, as shown in Figure 2a.
The manipulator employs an underactuated joint mechanism and a parallel linkage. By the vibration
of the plate, a part moves with sliding and jumping motions.

zp

Connection link

(a)

Figure 2. Model of the proposed manipulator. (a) Owing to the underactuated joint mechanism,
the orbit of the plate end effector varies based on the vibrational input to the actuator, while parallel
linkage maintains the plate horizontal. A planner part located on the vibrating plate moves by sliding
and jumping. (b) The tip of the output link p; (¢) draws an elliptic-like orbit by the combination of two
sinusoidal joint motions 61 (¢) and 6, (t) with the common frequency f. (c) The vibrational orbit p; (t)
varies with respect to the frequency f. (d) The orientation of the orbit varies with respect to the offset
angle 619 while keeping its shape and size.
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3.1. Underactuated Joint Mechanism

The underactuated joint mechanism [23] is installed to the manipulator. In the mechanism,
an active joint driven by a rotary actuator and a passive joint equipped with a viscoelastic element are
connected in series. Let 6; and 6, denote the angular displacements of the active and passive joint,
respectively. The viscoelastic element, such as a torsion spring, generates the restoring and resistant
torques with respect to the displacement and velocity of the passive joint. Its natural state is 6 = 0.
A significant characteristic of this mechanism is that the two joint axes are arranged in a nonparallel
manner in a common plane. Let « denote the angle between the two axes. By the combination of the
motions of the two joints, the tip of the output link, which is connected perpendicularly to the output
shaft of the passive joint, moves on a spherical surface. Let p; denote the position vector of the tip of
the output link with respect to the base coordinate system .

Suppose that an input command to the actuator is given so that the active joint traces a sinusoidal
displacement with a small amplitude as follows:

Ql(f) = Ajsin (27Tft) + 019 1)

where f, 619, and A; are the input frequency, offset angle, and amplitude, respectively. 6y is the
offset angle which is additionally given to the sinusoidal wave, and it determines the initial angle
of inclination of the output link. In this case, owing to the inertial effect of the load at the tip of the
output link, namely, the mass of the plate, the passive joint rotates. During steady-state vibration,
the displacement of the passive joint is expressed as a sinusoidal wave, as follows:

0, (t) = Apsin (27ft + ¢») @)
where

()" cosa
- (&) 22 (%))

G(jw) is the frequency transfer function between the input 6; and the output 6,. w = 271f and j
denote the input angular frequency and the imaginary unit, respectively. G(jw) is determined based on
the angle «, the natural angular frequency w, and damping ratio { about the passive joint. As shown
in Figure 2b, the tip of the output link p; (¢) draws an elliptic-like orbit by the combination of two
sinusoidal joint motions 6 (t) and 6;(t) with the common frequency f. As shown in Equation (3),
the amplitude A, and phase difference ¢, of the passive joint motion 6,(t) depend on the input
frequency f = 5%. This means that the shape, size, and orientation of the elliptic orbit of the tip of the
output link p, (t) vary with respect to the input frequency f, as shown in Figure 2c. The principle of
changing the shape and orientation of elliptic orbit is identical to that of the Lissajous curve. In addition,
the orientation of the orbit changes with respect to the offset angle 619 while keeping its shape and
size, as shown in Figure 2d. See [23] for details of the mathematical formulation of the dynamics and
kinematics of the joint mechanism.

Az = [G(jw)|Ar, ¢2 = LG(jw), G(jw) =

®)

3.2. Vibrational Orbit of Plate and Manipulated Part

As shown in Figure 2a, a parallel linkage including the underactuated joint mechanism is
employed. The parallel linkage includes a vertical connection link. A flat rigid plate is fixed at
the tip of the connection link. Let p, denote the position vector indicating the connecting point
between the plate and the connection link with respect to . Because of the parallel linkage, the plate
maintains its horizontal posture and moves along the orbit p,(t) given by the translating p; (f).
Therefore, the shape, size, and orientation of the vibrational orbit of the plate p(t) are managed by
two input parameters f and 61p. Let us assume the following configurations: the active and passive
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joint axes are in the vertical plane and the active joint axis is horizontal. The output link is horizontal
in the initial state with 8; = 6, = 0. The origin of the base coordinate system X is located at the
intersection of the two joint axes. The x axis and y axis are horizontal, and the z axis is vertical. The y
axis corresponds to the active joint axis. In addition, the plate coordinate system Xp is considered,
with its origin located at the connecting point of the plate. The pose of Xp is identical to that of X.

On the vibrating plate, a planar part shows complicated motions including sliding and jumping,
as shown in Figure 2a. The motion of the part varies depending upon the orbit of the plate p,(f).
Therefore, there exists the possibility that the velocity of the part can be controlled by the two input
parameters of the actuator, f and 6y. Let pp = [ppx, pay|” and vg = [vpy, vpy]" express the position
and velocity vectors of the part with respect to Zp, respectively. Note that, focusing on the position
and velocity faced on the plate surface, the z directional components in pz and vp are omitted.

The following assumptions are considered to simplify the analysis:

e  The actuator has sufficiently high power to guarantee that the active joint traces the required
arbitrary trajectory.

e  The gravitational torque acting on the passive joint is negligible compared to the restoring and
resistance torques of the viscoelastic element.

e  The mass of the part manipulated on the plate is small, and thus, it does not influence the orbit of
the plate.

4. Omnidirectionally Induced Velocity of A Part

This section discusses the velocity of a part on the vibrating plate with respect to the input
parameters to the actuator. Through the velocity map obtained by simulations, it is shown that the
manipulator can induce the velocity of the part omnidirectionally.

4.1. Simulation Setting

To explore the induced velocity with respect to the input parameters, f and 6,9, a simulation was
performed by using Adams (MSC Software Corp.) to compute the dynamic motion of a part on the
vibrating plate. The parameters of the manipulator are as follows: f, = 5% = 14 Hz, { = 0.25, length
of the output link L = 100 mm, « = 45°, and A; = 0.8°. The ranges of the input parameters to the
actuator are as follows: 0 < f <20 Hz and —30° < 6y < 30°. The part is modeled as a point mass
with m = 1 g, which is sufficiently smaller than the mass of the plate M = 100 g. For the contact
condition between the part and the plate, a friction coefficient 4 = 0.3 and restitution coefficient e = 0
are given. For simplicity, static and dynamic friction coefficients are not distinguished. For a given
frequency f and offset angle 6,9, the motion of the part was computed during the simulation time of
3 s. The induced velocity of the part vp = [vpy, Upy] T, which is the average velocity vector for 1/ f s in
the steady-state, was obtained.

4.2. Velocity Map

Figure 3a,b show the velocity maps, which indicate the relationship between frequency f, offset
angle 619, and the induced velocity of the part v = [vpy, vBy]T, where Figure 3a,b correspond with
a bird’s-eye view and a top view, respectively. If the frequency f is too small, such as f < 7 Hz,
the velocity of the part cannot be induced. This is because the inertia force applied to the part is less
than the friction force. If the frequency f > 7 Hz, the velocity begins to be induced toward the negative
y direction and vp, < 0. If the frequency becomes larger and f > 12 Hz, vp, increases and becomes
vpy = 0 once at approximately f = 14 Hz. Then, with frequency f > 15 Hz, the induced velocity
becomes vp, > 0. As mentioned above, the frequency f mainly changes the y directional component of
the induced velocity, vp,. In contrast, the offset angle 19 mainly changes the x directional component
of the induced velocity, vp,. A positive or negative offset angle 6, induces a positive or negative
velocity component vg,, respectively. An important point here is that the velocity region spanned
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by the two input parameters f and 6y expands to every quadrant in Figure 3b. This means that the
velocity of the part vp can be generated omnidirectionally. In addition, an interesting observation
is that there exists a zero velocity point at which v = [vpy, vgy]T = [0,0]T with an intermediate
frequency, as indicated by point Q.
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Figure 3. Velocity map indicating the relationship between the frequency f, offset angle 6y,
and induced velocity of the part vg = [vpy, vBy]T. (a) Bird’s-eye view. (b) Top view. (c) Detailed
view in the neighborhood of the zero velocity point Q. The velocity of the part vp can be induced
omnidirectionally. Especially in the neighborhood of the point Q, there exits an orthogonality between
the effects of the frequency f and offset angle 619. (d) Velocity map for the manipulator in [23].
The velocity of the part cannot be induced omnidirectionally.

Figure 3¢ shows a detailed view in the neighborhood of point Q. Let (f*, 65,) denote the frequency
and offset angle leading to point Q. In this case, (f*,67,) = (14.42 Hz, —0.9°) are obtained. As shown
in Figure 3¢, an orthogonality is observed between the effects of the frequency f and offset angle 619
on the velocity map. The velocity components vp, and vp, change linearly with respect to 619 and f,
respectively. Figure 4 explains such characteristics physically. Figure 4a shows the orbit of the plate
pp(t) by (f,610) = (f*, 65,)- When 0 ~ 0, the orbit of the plate p,(t) is generated approximately in
the y-z plane. With such an orbit, the x directional force is not applied to the part. Therefore, v, = 0 is
achieved by 67, ~ 0. In addition, vp, = 0 is achieved with a particular frequency f* and its orbit of
the plate. In this case, the part actually moves and comes back to the original location after one cycle,
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including the y directional small sliding and /or jumping motions. The offset angle 67, and frequency
f* depend on the friction property between the part and the plate. The relationship between them
is investigated in the next subsection. Figure 4b shows the case where f is changed while keeping
610 = 07,. In this case, the shape of the orbit of the plate varies in the y-z plane with respect to f,
and thus, vp, is controlled. Figure 4c shows the case where 619 is changed while keeping f = f*.
In this case, the orbit is tilted without changing its shape with respect to 619, and thus, vp, is controlled.

(f*7 0>1k0) PPN

- o

N Pa{t/ P z
Plate “~ _ i \L
N Y T
by
Connection
link e Wk
(a)

Figure 4. The induced velocity vp in the neighborhood of the zero velocity point. (a) The zero velocity
vg = [0,0]T is generated by (f,019) = (f*,6;,). The orbit of the plate p(t) is generated approximately
in the y-z plane. After one cycle including the y directional small sliding and/or jumping, the part
comes back to the original location. (b) Under 61y = 67),, the shape of the orbit of the plate varies in the
y-z plane with respect to f, and thus vy, is controlled. (c) Under f = f*, the orbit of the plate is tilted
without changing its shape with respect to 61, and thus vp, is controlled.

Note that the above characteristics are generated by the design of the manipulator introduced
in this paper. In the preliminary version [23], the manipulator was designed so that the output link
directs to the vertical direction in the initial state (69 = 90°). Owing to the mechanical restriction,
its range of offset angles corresponded with 45° < 619 < 135°. Figure 3d shows the velocity map for
the manipulator in [23]. It can be confirmed that the induced velocity of the part cannot be produced
omnidirectionally. The orbits in the y-z plane by 619 = 67, ~ 0°, as shown in Figure 4b, never be
generated and the manipulator could not induce a velocity vector along the y axis.

4.3. Influence of Friction Property

Figure 5 shows velocity maps of the part under various friction properties, where all parameters
except for the friction coefficient y are the same as those in the simulation described in Section 4.2.
Figure 5a—f correspond to y = {0,0.05,0.1,0.3,0.7,100}, respectively. As shown in Figure 5a,
the velocity vector vp is always zero when no frictional force acts on the part. As shown in Figure 5b,c,
the region spanned by the two input parameters f and 6y is narrow for slippery surfaces. As shown
in Figure 5d,e, the region becomes wide for the appropriate frictional surfaces. As shown in Figure 5f,
the region becomes small for a nonslip surface. Thus, the velocity map varies depending on the friction
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property. The results imply that the friction property y is an essential design parameter in producing
the velocity of the part in every direction with sufficient magnitude under the given ranges of input
parameters f and 61o. Figure 6 shows the relationship between the friction property y and (f*,67,).
As explained previously, the offset angle 67, is close to zero regardless of u. Besides, the frequency f*

increases monotonously in a wide range with respect to u. This is because the moving distances by
sliding and jumping are sensitive to the friction property.
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Figure 5. Velocity maps for different friction properties. (a) 4 = 0. (b) 4 = 0.05. (¢) » = 0.1. (d) » = 0.3.

(e) p = 0.7. (f) u = 100. The region spanned by the two input parameters 0 < f < 20 Hz and
—30° < 8p < 30° varies depending on the friction property.
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Figure 6. The relationship between the friction coefficient ¢ and the input parameters (f*,6},) leading

the zero velocity point Q. (a) u vs. f*. (b) u vs. 67,. The frequency f* is sensitive to the friction
coefficient y while the offset angle 6], ~ 0 constantly.
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5. Visual Feedback Control

Let us consider the target-trajectory tracking of the part based on the input parameters (f, 61).
In practical cases, the manipulator would include construction errors that lead to plate orbit errors,
and they work as disturbance in the position or velocity control of the part. In addition, the contact
condition between the part and the plate surface would not be uniform with respect to the location
of the part. Such a nonuniformity works as the disturbance. To compensate for the disturbance, this
section introduces a simple visual feedback controller for tracking a reference trajectory.

Suppose that the position of the part is recognized via a vision sensor. Let pj; (t) = [p},(t), pg, ()]
denote the reference position vector of the part with respect to time. As shown in Figure 3a, when
the part is controlled based on the stationary state by (f,619) = (0,0), at least once the part must
move to the negative y direction, even if the positive y directional motion is needed. To address this
issue, the zero velocity point Q generated by (f*,0;,) can be utilized as the ready state for moving the
part omnidirectionally. Based on the above discussion, the input parameters to the actuator are given

as follows:
B10(t) 670
f(t) fr

where the first and second terms in the right side correspond with the feedforward and feedback
inputs, respectively. Based on the orthogonality where f and 6y control vg, and vg,, respectively,
around the zero velocity point Q, the feedback input is given as follows:

T

4)

Ab1p(t)
Af(t)

AB10(1) /f de(t)
= Kye(t) + K; dt + K
af(r) | = Krelt) HK o e(mdT Ka=g, )
where
K 0 Ky O Kiy O
Kp = px /K‘ = . /Kd - * ’
0 Kpl| 0 Ky 0 Kgy

e(t) = pp(t) — pp(t)

are the proportional gain matrix, integral gain matrix, derivative gain matrix, and deviation vector,
respectively. In the PID controller, the integral term can work for compensating the steady-state
deviation caused by the initial error of [0}, f*]7. This means that practical values of [07,, f*]T can
be obtained by a preliminary experiment using Equations (4) and (5) with a tentative [07,, f*]T and
constant p;(t) = p(0) for the zero velocity. Under this setting, [619(t), f(¢)]” in Equation (4) in the
steady-state corresponds with the practical [07,, f*]7.

6. Experiments

This section shows experiments using a prototype for confirming the validity of the proposed
method. See the supplementary downloadable movie file that shows the prototype robot and
the experiments.

6.1. Experimental Setup

Figure 7 shows an overview of the prototype of the manipulator. The manipulator was designed
and developed based on the model shown in Figure 2. An AC servo rotary motor (RSF-11B, Harmonic
Drive Systems Inc.) controlled by a PC was installed to drive the active joint. An acrylic spring and
an oil damper were attached as the viscoelastic element of the passive joint. Each joint was equipped
with a rotary encoder to measure the angular displacement. The main parameters of the manipulator
were as follows: L = 100 mm, « = 45°, f, = 14 Hz, { ~ 0.25, and A; = 0.65°. Here, f, and { were
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experimentally identified by using the data of 6; and 6, under steady-state vibration. An acrylic
square plate with a side of 200 mm was used as the end effector. A circular rubber sheet was used as
the manipulated part. Its radius and thickness were 20 mm and 1 mm, respectively. The static and
dynamic friction coefficients between the part and the plate surface were ys ~ 0.42 and p; ~ 0.40,
respectively. A marker was pasted on the part to enable visual detection of the position of the part.
As vision sensor, a CMOS camera with 1280 x 720 pixel resolution and 30 fps was implemented at a
height of 400 mm from the plate.

Figure 7. Overview of the prototype manipulator.

6.2. Experimental Results

In the preliminary experiment, f* = 12.1 Hz and 60}, = —1.5° were obtained for the zero velocity
point. By employing them, trajectory tracking tasks were examined using the visual feedback based
on Equations (4) and (5). Figure 8 shows the representative experimental results where the reference
trajectories of the part in Figure 8a, b, and c were given along the xp axis (p}(t) = [10t,0]T mm),
yp axis (pi(t) = [0,10t]T mm), and diagonal (p};(t) = [10t,10t]T mm), respectively, for 0 < t < 8 s.
In Figure 8, the position data of the part with respect to time p(t) = [ppx(t), ppy(t)]" are shown,
while its trajectory on the plate surface is drawn in the bottom. The PID gain was empirically given
as Kpx = 0.6, Kpy = 0.09, Kj = 0.02, K;;, = 0.005, Kz, = 0.004, and Ky = 0.001. From the results,
it can be confirmed that the proposed manipulator can control two-DoF motion of the part. Basically,
a highly precise manipulation is not expected because the jumping and sliding of the part generated
by the vibration of the plate are utilized. The mean values of the error e(t) = ||p}(t) — pp(t)|| mm
were obtained as ¢ = 4.1 mm, ¢ = 2.1 mm, and & = 4.2 mm for Figure 8a—c, respectively. The proposed
method is suitable for rough positioning and transporting of the part.

Figure 9 shows an application to a four-way part-feeding task. The outline of the part-feeding
tasks is as follows. Four parts were prepared, to which one, two, three, and four circle marker(s) were
pasted on, respectively. One of the parts was manually thrown to the surface of the plate. Based on
the visual information obtained by the camera, the number of markers was recognized. After the
part was moved to the center of the plate for the first 1 s, subsequently the parts with one, two,
three, and four marker(s) were transported and fed into the right, upper, left, and lower direction,
respectively. In Figure 9, the green and red lines indicate the reference and resultant trajectories,
respectively. The above experiments show the feasibility of the proposed method that produces the
omnidirectional manipulation by using one actuator.
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Figure 8. Experimental results in trajectory tracking tasks. (a) Trajectory along the xp axis
(ph(t) = [10t,0]T mm) . (b) Trajectory along the yp axis (p}y(t) = [0,10t]T mm). (c) Trajectory
along a diagonal (p(t) = [10t,10¢]7 mm).
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Figure 9. An application to a four-way part-feeding task. Parts with one, two, three, and four marker(s)
were transported and fed into the right, upper, left, and lower direction, respectively.
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7. Conclusions

This paper has presented a nonprehensile manipulation scheme wherein two-DoF translational
motion of a part is controlled using only one actuator. The main results are summarized as follows:

¢ A manipulator with an underactuated mechanism with a viscoelastic element and a nonparallel axis
layout was introduced. The vibrational orbit of a plate end effector varies based on the sinusoidal
displacement input to an actuator.

e Via simulation analyses, the velocity map of a part was explored. It was revealed that the
manipulator can produce an arbitrary velocity of the part omnidirectionally.

o In the neighborhood of a zero velocity point, there exists an orthogonality between the effects of the
frequency and offset angle on the induced velocity. Based on the characteristics, a visual feedback
control for manipulating the part was designed.

e The proposed approach was validated via experiments. The feasibility was confirmed and an
application to a four-way part-feeding task was demonstrated.

Future works include an optimum problem to design the mechanical parameters, such as the
viscoelasticity and angle between the two axes. By considering the relationship between the torque of
the actuator, the viscoelasticity of the passive joint, and the induced velocity of the part, the energy
efficiency of the system will be investigated.

Supplementary Materials: Supplementary Materials are available online at http:/ /www.mdpi.com/2218-6581/
7/3/34/sl.
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