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Abstract—In this paper we propose a new robust force and
position control method for property-unknown objects grasping.
The proposed control method is capable of selecting the force
control or position control, and smooth and quick switching
according to the amount of the external force. The proposed
method was applied to adaptive grasping by three-fingered hand
which has 12 DOF, and the experimental results revealed that
the smooth collision process and the stable grasping is realized
even if the precise surface position, the mass and the stiffness are
unknown. In addition a new algorithm determines the grasp
force according to the “slip” measured with the tactile sensor
and the viscoelastic media on the fingertip. This algorithm works
at starting and stationary state, so the friction and mass
unknown object grasping is realized by the effectual force.

I. INTRODUCTION

With the conventional progressive researches of grasping
and manipulation, we have supposed the service robot
would work at home or office in the immediate future. One of
the unsettled problems in this field is the property-unknown
object grasping. The typical grasping strategy for
property-unknown objects is (1)shape recognition by vision
sensors, (2)approach with position control, (3)optimization of
contact position and force and (4)grasping with force control.
However, the geometrical errors result from the condition of
lighting and the distance from the vision sensors. In addition,
it is difficult to yield the mass, stiffness and friction of all the
objects in the practical use. This paper deals with the force and
position control method and adaptive grasping method.

One of the conventional approaches to force and position
control is the “Hybrid Position / Force Control”’[1], which is
extended to the “operational space”[2]. Since the position
control or the force control is selected by the “selection
matrix” in these methods, it is difficult to switch each other
smoothly and quickly. In the impedance control[3], the
geometrical error can cause excessive force, and also the force
and position control methods[1][2] have the same problem.

And some control methods of the collision process were
proposed. In the method proposed in [4], using the
mass-spring-damper model and linear feedback, they
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analyzed the stability by Lyapunov direct method. In the
method proposed in [5], they use the controller including the
large dumping at the collision process. However, these
controllers are not designed from robustness’ point of view.
The force and position control based on the robust position
controller[7][8] might be applied to many situations because
of its robustness for the disturbance torque which becomes a
problem frequently in the robot using gear drive.

In this paper we propose a new force and position control
method based on the robust acceleration controller. In the
proposed method, the disturbance torque (gravity, gear
friction, etc.) is estimated by the disturbance observer [9] [10],
whose feedback realizes the acceleration controller. And the
force controller[11] is built on the acceleration controller.
This controller is extended to the integrated force and position
controller which has “Position Control Mode”, “Force
Control Mode” and “Force Constrained Position Control
Mode”. The third mode is capable of smooth and quick
switching from the position controller into the force controller
according to amount of the external force. This force
controller starts working very well just after the collision. The
proposed method was applied to a small multifingerd hand.
The experimental results show the smooth collision process,
robustness and quick response of force control. And stable
grasping is realized even if precise surface positions, mass and
stiffness are unknown.

At this experiment, the grasping posture and the grasping
force are determined expediently. However, the more
dexterous grasping will be realized in combination with
various methods proposed in conventional researches, for
example optimization of grasping force[12] and approach
velocity[13]. We focus the slip sensing for dexterous
grasping.

For the measurement of human-like tactile perception[14],
the tactile sensors using the acceleration sensor[15], the
“Acoustic Resonant Tensor Cell”’[16], the strain gauge[17]
and the Pressure-Conductive Rubber[18] were proposed.
However, some of these experiments were not conducted with
sensors mounted on the fingertip[15][16][17], and their
margins for grasping force tend to be large [16][17][18].

We propose a new method of grasping force determination
from the beginning to the stationary state by the slip, which is
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Fig. 1. The force and position controller for the adaptive grasping.
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Fig. 2. Robust acceleration controller based on disturbance observer,

which suppresses gravity, friction of gear and so on.
detected using the tactile sensor and the viscoelastic media on
the fingertip. In the proposed method, the variable gain in
force determination realizes the adaptive grasping in spite of
mass and friction of the object. At stationary state, the
grasping force is prevented from being too large. The effect of
the proposed method was shown by experiments using a small
multi-fingered hand.

II. ROBUST FORCE AND POSITION CONTROL

A. Structure of the Force and Position Robust Control

In the force and position controller for the adaptive
grasping, it is desirable to design the controller so as to realize
the following functions.

(a) Integrated Force and Position Control: For applications
such as adaptive grasping, the position controller is useful for

the approach and the force controller is useful for the grasping.

In the proposed method, as in the “Hybrid Position / Force
Control [1]”, these controllers are selectable on each DOF
(degree of freedom). In addition, one controller is able to
change over another controller smoothly.

(b) External Force Limitation for Smooth Collision and
Contact: The external force needs to be limited at collision
and contact for stable grasping under the geometrical error.
This function is realized by means of smooth and quick
switching from position controller into force controller,
according to the amount of the external force. In addition, it is
easy to plan the grasping and the manipulation, since the
external force is controlled just after the collision and the
contact.

(c) Robustness of Force Control: In the assembled robot
hand system, there are many factors which disturb the force
control (the friction of gear, the mass of the cables, etc.). The
simple modeling method of these disturbances does not make

sufficient models for the computed torque method and the
inverse dynamics compensation. In the proposed method,
these disturbances are well compensated by the disturbance
observer.

Fig. 1 shows the force and position controller for adaptive
grasping. The “plant” in Fig. 1 denotes the servo motors
controlled with current controller and mechanical system. The
details of each block are presented in the following section.

B. Robust Acceleration Control based on Disturbance
Observer

The robust acceleration controller consists of the
disturbance observer [9][10]. The total disturbance torque
imposed on the system 7% is defined in (1).

t® =(J=J,)o+(K, —K)N'"! +F. + Do+ F* (1)

Where 1"/ is current reference, J is inertia, K, is torque
coefficient, and @ is motor angular velocity. The lower suffix
n denotes the nominal value. The first term on the right-hand
side of (1) is the self-inertia variation torque, the second term
models the motor torque ripples, the third term F, is the
Coulomb friction, the fourth term D 1is the viscosity friction,
and the fifth term F " is the reaction force.

The total calculation process of the disturbance torque
estimation is shown in (2) and Fig. 2.

z_'\dis — 8is (Km[a —SJ" CIA))
s+ g dis

8is b N
:¢(Ktn1a +gdis"]na))_gdis"]na) (2)
S+gdis

1,=1"" +1"

where @ is the motor angle, g, is the cutoff frequency of
disturbance estimation, and g, is the cutoff frequency of
pseudo-differentiator.

Since 7% is estimated through the first-order low-pass
filter, it is possible to suppress 7** in the lower band than g,
by the feedback of the compensation current /“” determined

with 79 .
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When the gain J, /K,, is inserted to determine the current
reference 1/, Fig. 2 is the acceleration controller whose
input is the acceleration reference.
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Fig. 3. The “Contact Planning Coordinate” for the grasp control.
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Fig. 5. The block diagram of force and position controller.

C. Coordinate and Space Transform

Not only the base coordinate but also the additional
coordinates shown in Fig. 3 are helpful to plan the grasping
motion. These additional coordinates are called “Contact
Planning Coordinate”.

Equation (5) shows the transformation from the force
reference on the contact planning coordinate F/J, into the

;e

angular acceleration reference g

2 re) 1 T BASE re;
g = J—Jaco TCNTFCA{T (5)
where ***T.,. denotes the translation matrix from the

contact planning coordinate into the base coordinate, and the
force reference at the fingertip is translated into the joint
torque by transpose of the Jacobian matrix Jaco” . The ¢ is
determined with the nominal inertia J,, .

In the conventional approach of the force control based on
the robust acceleration controller [11], the ¢ is evaluated
using the inverse of the Jacobian matrix Jaco ™", which makes
the controller unstable at the singular configuration. This

problem can be avoided by the force-torque transform using
Jaco" in the proposed method.

The coordinate transformation and the direct kinematics are
employed in feedback.

D. Integrated Position and Force Control

The grasp control consists of “Position Control Mode” for
the approach, “Force Control Mode” for the grasping, and
“Force Constrained Position Control Mode” for the collision
and contact motion (Fig. 4). One control mode is able to
change over another control mode.

In the “Force Constrained Position Control Mode”, the
position of the fingertip is controlled with position controller
under the small external force. However, the priority of the
force control is higher than the position control under the large
external force in order that the external force should not go
over the given “maximum external force value” Fy; . In view
of the grasp motion, it is desirable that the switching from the
position control to the force control is smooth and quickly.

Fig. 5 shows the block diagram of this integrated force and
position controller, which gives smooth and quick behavior in
the “Force Constrained Position Control Mode”. In addition
this diagram realizes the mode change via SW1 and SW2 as
described in the table. The values of the switch terminal 1 and
2 are cross-faded at SW1 for the purpose of the continuous
reference. Equally, SW2 guaranties continuous transition
between F/w and FSy , and vice versa.

In the “Force Constrained Position Control Mode”, the
force control loop exists inside the position control loop.
Since the force command Fye generated from position
control loop is limited to F/u, the Poe is tracked only
when the external force is smaller than F/y; . When the
external force is larger than F/% , F:" becomes equal to
F and FSye is tracked as force control. This switching is
smooth because Fye is continuous, and is quick. In the phase
switching framework with event driven control[6], the
“elasticity at finger tip” and “acceleration or force limitation
to prevent the vibration and saturation” are mentioned as the
counter measures, but they are not needed in the proposed
method.

At the “Force Control Mode”, the force reference F/J, is
calculated from the force command value FSy and the force
sensor value F,; .

FCrJL:/fT = KPF (Fg]’\?;‘i _FCNT) (6)

At the “Position Control Mode”, the command value of
position Py generates Fine , and then Fye generates the

ref
FCNT .

Fcr;/fr = KPF (FCLX;T({ _FCNT) 7
Féﬁ'f? :KDP(KPP(PCC]’;; _PCN )_PCNT) (8)
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TABLEI
SPECIFICATION OF THREE-FINGERED HAND

Total Length / Finger Length
(without wrist force sensor)

191mm / 162mm

Weight (without wrist force sensor)  1.0kg

Degree of Freedom 12

Motor Starting Torque 8.7x10° Nm, 5.6x10° Nm
Gear Ratio 1/94, 1/100, 1/118, 1/188
Back Drivability of Planetary Gear 0.08Nm

Backlash of Planetary Gear 0.6deg

Rotary Encoder 16000pulse/rev

Force Sensor(6 axis)
Tactile Sensor

3 (Fingertip) + 1 (wrist)
86elements, 3x3mm, 38.8Hz

Maximum Force (Standard Posture) 4.0N, 2.0N

CPU Intel Pentium4 (3.8GHz)
(6N RTLinuxPro2.2
Sampling Time of Controller 0.25msec

(b)
Fig. 6. Three-fingered hand. (a) Appearance. (b) Configuration.
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Fig. 8. Kamakura's Grasp Taxonomy

At the “Force Constrained Position Control Mode”, Fné
is limited to F/y; so that the external force might be less
than F/\7 .

Kol Fot = Fog) i |Feus| < Rz
Fil =1 KoelFO5 ~Four) 1 FS > FSG ©)
S T A R
cmd cmd >
FCNT =KDP(KPP(PCNT _PCN )_PCNT) (10)
When the P is inside of the object surface and the finger
keeps contact, |FCC](',’;’ | is larger than F2% . So F/J, is equal to
F/\7 . and the external force controlled to be equal to F/y; .

The characteristics of this control are the same as “Force
Control Mode”.

E. Three-Fingered Robot Hand

The appearance and configuration of the three-fingered
hand developed for this research are shown in Fig. 6. Table I
shows the specification of the hand. The total length is 191
mm, the finger length is 162 mm, and the weight is 1.0 kg.
There are three fingers, and each finger has four joints. So this
hand has 12 DOF, which consists of two types of small high
power motor and four types of gear unit. This gear unit is
composed of spur gear and planetary gear for great back
drivability and strength. The planetary gear performance is
shown in Table I. The small backlash especially is realized in
consequence of the new planetary gear unit development.

Each joint has a 16000 pulse/rev rotary encoder, whose
layout is shown in Fig. 7 (a). This parallel layout realizes the
high conversion efficiency at gear unit and short length of
finger.

The aims of this multi fingers hand design were maximum
force, grasping posture and human-like configuration.
Accordingly, the joint drive units were made up of two types
of motor and four types of gear unit, considering the
Kamakura's Grasp Taxonomy [19](Fig. 8). This compact
multi fingered hand is capable of generating 4.0 N at the
thumb fingertip and 2.0 N at the index fingertip and the middle
fingertip.

The hemispherical fingertip is equipped with the 6 axis
force sensor and the tactile sensor, which is capable of
measuring the pressure every 3 mm at 86 points for each
fingertip (Fig .7 (b)). The sampling rate of the tactile sensor is
38.8 Hz. This fingertip is covered with viscoelastic media,
which was designed with the finite element method (FEM)
analysis (ANSYYS).

This hand is mounted on the manipulator (YASKAWA
Electric Corporation, MOTOMAN-UPJ(RTLab)), which is
controlled by the position controller with the disturbance
observer and the vibration control. The controller for the hand
and the manipulator is running on a PC with the RTLinuxPro
2.2, which outputs the current reference to the servo amplifier
every sampling time 0.25 msec.

F. Integrated Force and Position Control Experiment

The proposed method was applied to the “Pushing Wall”
experiment. The parameter in the controller g, is from 120
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Fig. 10. Pushing Wall Experiment by Conventional Approaches. (a)The
finger collided with the wall at t=3.0 in position control. (b) Excessive
contact force by the collision.

to 160 rad/sec, K, =50, K,, =30 and K, =1500. Each
finger has four joints, so the controlled components are
selected as Fiyi =(f,f,.f.»m.) in the thumb and
ESe = (f., f,»f.,m,)in the index finger and middle finger.
And corresponding components are selected for Piye .

Fig. 9 shows experimental results. At t=0.0sec, the thumb
finger stopped at the side of the wall made by metal plate. The
Pt started to approach at t=0.6sec and went through the
wall position until t=3.6sec. The finger collided with the wall
and stopped at t=3.0sec. The control mode is “Position
Control Mode” from t=0.0sec until t=2.0sec, “Force
Constrained Position Control Mode” from t=2.0sec until t=6.0
sec, and “Force Control Mode” from t=6.0sec until t=10.0sec.
Fig. 9 (b) shows that the impact force is small at the collision
process (t=3.0sec). Fig. 9 (c) is the enlarged graph of the force
step response (t=7.6sec), and shows quick response whose
time constant is about 30msec. This is very high performance
for multi joints small robot with the gear drive. And the
disturbance, for example the gear friction and the gravity for
frames and cables, is suppressed well. In addition, the force
and the position are smooth and continuous at the mode

lf. téﬁl(1§;< 30 X 30 mm, 2'0Ag)‘

, 36g)

Fig. 11. Grasping of objects which are various in geometry, mass, and
stiffness.

change (t=2.0sec and t=6.0sec).

Fig. 10 shows results of a comparative experiment. In this
experiment, the finger was controlled with position control
while approaching and collision which is occurred by the
virtual geometrical error. Fig. 10 (a) dose not show the
position error since position controller is working well.
However the finger configuration was bended a bit. The
geometrical error causes excessive contact force shown in Fig.
10 (b). The position controller was changed to force controller
at t=5.5sec.

III. ADAPTIVE GRASP CONTROL

A. Grasp Control

The proposed force and position control was applied to the
“Adaptive Grasping”. The “Position Control Mode” is
applied for the approach and the “Force Constrained Position
Control Mode” is applied for the collision and contact on the
vertical axis which is illustrated with y axis in Fig. 3. For the
stable grasping, the “Position Control Mode” is applied on the
tangential axes which are illustrated with x and z axis.
Therefore the fingertips move on the line which is parallel to
vertical axis. The balanced grasping forces are decided before
starting grasp in these experiments.
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B. Experimental Result of Adaptive Grasping

The proposed method was applied to the grasp control.
Even if precise surface position, mass and stiffness are
unknown, the proposed method makes stable grasp motion.
Fig. 11 shows the grasp experiments for several kinds of
objects whose size, mass and stiffness are different. While
being grasped, these objects are moved by the manipulator
controlled with position controller.

(a) Glass, (c) Boiled Egg without Eggshell and (d) Raw Egg
are grasped with same parameter for grasp control, and
contact force at thumb is 1.5 N. (b) Paper Cup is grasped with
small contact force (0.25N) in order to prevent squash.
Though the position of the glass was not at the set position in
this experiment, the given “maximum external force” was so
small (0.15N) that the finger, which collides first, kept the
Glass from overturning. (e) and (f) show the grasping for
various size of tofu' with same control parameter and same
grasp force (1.0N). This tofu grasping is realized using the
elliptical fingertip which is designed for compatibility
between large contact area and small contact area.

IV. ADAPTIVE GRASP FORCE CONTROL USING TACTILE
SENSOR

Since the grasping force is determined offline, there is
possibility that the properties error makes grasping failure.
We propose a new algorithm for adaptive force determination
with tactile sensors to avoid slipping completely.

A. Slip Extractor using Tactile Sensor

The adaptive grasping force is determined with detected
“partial incipient slippage [15][17]” in order to prevent from
complete slipping. We defined this kind of slip as “values of
the slip extractor” e (k,N), which is calculated from center
of pressure (COP) measured by the tactile sensors. The
characteristic of the COP changes according to the contact
state. Nevertheless, this kind of slip is surely detected using
e (k,N) as (11)(12).

e, (k,N) =Y K ()ACyp, (k, /)

Jj=1

CY lf‘ AgOPJC < .I th

Cr i ACop > jhe,
(c,<q)

where k is discrete time, AC,, (k,i) is amount of COP

change during discrete-time interval i at k£, to which a

moving average and the 3x3 Gaussian filter are applied.
e (k,N) is defined as the total of several AC,, (k,i) to

an

"tofu : This Japanese tofu is the soft kind of tofu called “Silken Tofu”
or ”Kinugoshi Tofu (in Japanese)”. This type of tofu is so soft that the “tofu
steak” cannot be cooked from it.

TABLE I
PARAMETERS OF GRASP FORCE CONTROLLER
parameter value parameter value
heeshe, 0.1 (if N=1) Cs 1.0
heyshe, 0.01 (if N=2) cl 2.0
hees e, 0.005 (if N=3)
Ny 3 Con 0.04
T, 500 CGsn 0.015
Cp 2.5 Oy 0.012
Cpn, Cp 1.25 Asn 1000
Cse 0.002 Npxo, Bpyo 0.075
Cs 0.013 Ppxt, Bpyi 0.025
Oy 2.0 Npsx2, Ppy2 0.05
hstip 0.05 Gpx 0.15
a 1.5 Gy 0

detect rapid as well as slow change of partial incipient
slippage. Since AEOPI (k, j) is reliable when AEOPI (k,j) is
the threshold jh. and over, the weight coefficient K (i) is
decided as (12). e, (k,N) is defined in a similar way.

B. Adaptive Grasp Force

The desired adaptive grasp force Fc‘;?}[y (k) is determined by
(13) based on e(k,N) so as to prevent from complete

slipping.

Fép (k) = Fé, (k=1 + Fe, (k) + Féer, (k) + Fei, (k) (13)

where Fgf\j’}} (k) is a term to increase the grasp force when
e(k,N) is large, and Fy, is a term to cancel the influence
of noise in e(k,N) . FZ, is a term to decrease the
unnecessary grasp force for holding the object.

Preliminary experiments revealed that the e(k, N) became
small as the normal force increased if the tangential force was
constant. Consequently, FZy7, (k) is decided by the product of
e(k,N) and normal force f;(k) asin (14)(15)(16) (17).

Fob, = Fobr + b (14)
_ N, -1
Fobe (k) =Y £ (k)G (eg, (k)eg, (k) (15)
i=0
C, C.,
Gyi(es (k) =—L4Cy + e (16)
T. 1+ exp(—eSxi(k) + OS)
3
es, (k)= Zex(k,N)‘ (17)
N=1

where N, is the number of fingers, and f; (k) is measured by
tactile sensors. The variable gain G, becomes large
according to e _(k,N), and is restricted within upper limit by
the sigmoid function (16). C,,, C,, and O, are parameters
to shape this sigmoid function. C; is weight coefficient for
each finger, and 7, adjusts the difference between the control
cycle and the measurement cycle. The absolute value of
e (k,N) is practical so as to neglect positive and negative of
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e (k,N). F3 is defined in a similar way.

e (k) has small positive value even at steady state because
of white noise in AC,, (k,i), and that causes increase of
Ff]'v”g (k). To cancel this increment, Fyg, 1s defined as (18).

1

S £ (0G5 ()ess ()~ C,, )

Fho (k) =1~ 0 e ()<C.) (18)
0 (if  es,(k)2C,,)
_ & CGxn
GSnxi (eSxi (k)) a Tc {1 + exp(asn (eSxi (k) - 05" ))} (19)

The absolute value of F/y, becomes small through the
variable gain G, if eg (k) becomes large. C;,, , a,, and

nx sn

O,, are parameters to shape this sigmoid function. The

sn

threshold C, is decided by e (k) of stable grasp with
enough force. Fiyy, (k) is defined in a similar way, and
Flier, (k) = Fln, (k) + F2y (k).

Fey, (k) , which suppresses excessive force for stable
grasping, is defined as (20).

Fer, (k)

S (k)% 6, @5 ) -1, }+ G, s, ()~ ]
i=0 c

= (l]r ESx <ah px ﬂ ES)/ < ahp)’)

0 (i @, >ah, Us,>ah,)

(20)

where G, is the gain, and e, (k) is the moving average of
e, (k). a must be greater than 1 for smooth change of grasp
force. The threshold 4, is decided by e (k) to grasp stably
with small force without complete slipping. y components
are defined in the same way.

In addition, F/y;, (k) and Fy;, (k) are set to zero when
F&’\j’}}} (k) > hg,, , so that the grasping force is decreased only
when the “partial incipient slippage” is small.

C. Experimental Setup and Results

The proposed method was applied to adaptive grasping.
The grasped object was a cylinder (52g) wrapped in plane
paper and stuffed with additional weights (0g, 100g, 200g and
300g). The three fingers initially contact the cylinder. The
thumb force is 0.3N, and the index finger and middle finger
forces are decided to satisfy the equilibrium of the grasp force.
Fg;’,’}i is restricted to initial grasp force and over. Table II
shows parameter of proposed controller.

Fig. 12 shows experimental result of cylinder stuffed with
the weight (200g). The cylinder was lifted up by manipulator
at t=0.6sec, and kept at a height of 40mm between 5.6-16sec.
The grasp force F,, is measured by 6 axis force sensor on the

fingertip. Between t=0.6-2.4sec, the F&'J}Iy (k) increase as a
result of large ey (k) . The F&'J}Iy (k) decrease in consequence
of small e (k) between t=3.5-8.0sec, and is constant between
t=8.0-16.0sec.

Fig. 13 shows the Fé’v”g (k) of experiment with weights
(52g, 152g, 252g and 352g). With weight going up, the
gradient of F&yy, (k) tend to be large.

Fig. 14 shows the relationship between Fé’v”g (k) and the
mass of the object. The maximum and steady values of
F&'ﬁ;’y (k) increase in proportion to the mass of the object. The
steady value is defined as the average of F(?;,”g(k) from
t=14sec to t=16sec, since F&'ﬁ;’y (k) is constant after t=14sec.
The lowest force to grasp the object is proportional to its mass
if its friction coefficient is constant. Therefore, the proposed
adaptive grasp force is effective.
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Not only various mass objects but also various friction
objects are grasped by the proposed method. Fig. 15 shows the
trial experiment of slippery cube grasping without the
proposed method. This cube is dusted with powder, and its
mass is 108g. The grasp force was constant(0.9N), and the
grasp failed because of the cube slipperiness. Fig. 16 shows
the experimental result with the proposed method. The
grasping was successful because of the adaptive grasp force as
is clearly shown in graph.

Although the cube(108g) is lighter than cylinder of former
experiment(152g), the maximum force of slippery cube shown
in Fig. 16 is larger than that of the non-slippery cylinder
shown in Fig. 13. This means that the proposed method
increased the grasp force enough to avoid loosing the grip on
the slippery cube.

V. CONCLUSION

In this paper we proposed the novel force and position
controller for property-unknown objects grasping. The
proposed method is capable of smooth and quick switching
from position controller into force controller according to the
amount of the external force. The experimental results on the
small 12 DOF multifingered hand showed that collision
process was smooth and force control response was quick
(time constant is 30msec.). The proposed method realized the
stable grasping for glasses, paper cups, eggs and tofu whose
precise surface position, mass and stiffness were unknown. In
addition a new algorithm was proposed, which determined the
effectual grasping force with the tactile sensor. In the
proposed method, the grasping force proportionate to mass is
determined without mass-sensing, and the friction unknown
object grasping was realized. The effect of the proposed
method was shown by experiments using the small three-
fingered hand.
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