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Abstract— This paper describes a novel joint mechanism with
variable stiffness for a human-friendly robot. In the proposed
mechanism, a set of two different hollow-shaped silicone rubber
cushions (SRCtrans and SRCstiff : Silicone Rubber Cushion
for transmission and for adjusting stiffness, respectively) are
sandwiched between an output link and a motor-driven disk.
SRCtrans, which is pressed against the motor-driven disk,
plays the following three important roles: (1) it transmits
rotational motion from the motor to the output link; (2) it
absorbs excessive external forces by its elastic deformation
and the slippage on the surface of the motor-driven disk;
and (3) it allows the estimation of external forces using the
information regarding the degree of deformation. On the other
hand, SRCstiff , which is placed below SRCtrans, controls the
characteristics of joint compliance. SRCtrans is pressed strongly
against the motor-driven disk by the expansion of SRCstiff . As
a result, the output link can endure the external force without
slippage. This paper describes the detail of joint structure and
its fundamental performance.

I. INTRODUCTION

A demand for human-care robots is growing with a rapid
increase in the elderly population of our society. Human-care
robots are expected to improve the quality of life of elderly
or handicapped people by providing services to them. In
human-care services, wiping and massaging human body or
supporting rehabilitation will be one of essential tasks. While
providing these services to them, these robots cannot avoid
direct contact with human and will be exposed to external
forces from multiple direction due to unpredictable human
motion. Therefore, the working mechanism of these robots
should be safe so as not to cause serious damage to humans,
even if an unexpected collision occurs between humans and
robots[1]. In addition, the robots should have the ability to
adjust their characteristics depending on a given task and to
generate dexterous motions.

In order to satisfy the abovementioned requirements for
robot motion, the characteristics of joint compliance play
important roles. Humans can generate many kinds of skillful
motions by adjusting their joint characteristics to a desired
task. As one of biological inspired mechanisms, a pneumatic
artificial muscle systems emulating human muscular-skeleton
structure have attracted considerable attention, and there
have been many proposed mechanisms employing them
[2][3][4]. In these mechanisms, the antagonistic arrangement
of pneumatic artificial muscles is effectively used to inde-
pendently control the joint position and joint compliance.
Joint compliance can be adjusted by controlling the pressure
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in each muscle. However, a pneumatic muscle system has
poor controllability in high frequency domain, because of
its nonlinearity and a large dead time. Instead of pneumatic
artificial muscles, two nonlinear spring systems(quadratic
spring : F (x) = x2) were employed in the antagonistic setup
[5][6][7]. Quadratic springs in an antagonistic configuration
provide a linear relationship between actuator co-contraction
and joint stiffness. This is similar characteristics to biological
joints, however, the drawback is the size, extra complexity,
and friction of the mechanism to make the quadratic springs.

Other attractive approaches emplying a passive compliant
element to control joint stiffness have been reported. Shin
and Khatib[8][9] developed the Stanford Safety Robot which
employs hybrid actuation, combining powerful pneumatic
actuators with small electrical actuators in a parallel con-
figuration at each joint. Iwata et al.[10] proposed a MIA
(mechanical impedance adjuster) that employs a mechan-
ically compliant leaf spring in the joint to maintain the
link position. MIA can achieve ideal joint compliances by
changing the length of the leaf spring. Kajikawa[11] inserted
a CAP(compliance adjuster plate) between the joint and the
link. Joint compliance can be adjusted by controlling the
rotational position of the CAP around the principal axis of
the link. Using this mechanism, fast arrangement of joint
compliance within 200 ms can be achieved. Furthermore,
other attractive compliant actuator designs are introduced in
[12].

However above mechanisms can adjust the joint stiffness
only along the rotational axis of the link. In actual contact
with human, a contact point such as a robot arm will be
exposed to external forces from multiple directions. There-
fore we think that a robot joint should be designed to have a
multidirectinal passive compliance and the ability to adjust
it depending on a given task.

In this study, we propose a novel joint mechanism that
involved the use of a motor and silicone rubber cushions
(SRC); this mechanism gives a robot not only a multidi-
rectional adjustable compliance but also controlability. In
addition, it has the ability to sense external forces necessary
for planning dexterous motion. In this mechanism, two
different hollow-shaped cushions (SRCtrans and SRCstiff )
are placed between a motor-driven disk and an output link.
The friction force between the surface of SRCtrans and
the motor-driven disk helps in transimitting the rotational
motion from the motor to the output link. In addition,
SRCtrans plays the following two important roles; (1) it
absorbs external forces with slippage on the motor-driven
disk and its elastic deformation and (2) it can estimate the
direction and amplitude of external forces.
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Fig. 1. Proposed joint mechanism. Expansion of SRCstiff presses
SRCtrans against the motor-driven gear and disk. The compression of
SRCtrans makes robot’s joint stiffer.

On the other hand, SRCstiff controls the degree of press-
ing SRCtrans against the motor-driven disk by its expansion.
With an increase in the pressing force of SRCtrans, the joint
endure a larger external force without slippage becuase of
an increase in the static friction force between SRCtrans

and motor-driven disk. In other words, we can control the
joint compliance by controlling the air flow into SRCstiff . In
the follwing section, we provide detail on the structure and
fundamental performance of the proposed joint mechanism.

II. PROPOSED MECHANISM

The proposed mechanism has a variable passive com-
pliance against multidirectional external forces. In addtion,
taking advantage of the elastic deformation of cushions,
the direction and magnitude of the external forces can be
easily estimated. The following section shows how a joint
can achieve multidirectional passive compliance and estimate
external forces.

A. Passive motion for safety

Fig. 1 shows the structure of the proposed joint mecha-
nism. Two different types of air cushions, i.e., SRCtrans and
SRCstiff shown in Fig. 2, are employed in this mechanism.
SRCtrans consists of four small cushions, i.e., s-SRCtranss,
which are cylindrical in shape with a cavity. These cush-
ions are placed on a concentric circle on the base plate
of SRCtrans. On the other hand, SRCstiff has a simple
doughnut shape. Two sets of SRCtrans and SRCstiff are
placed on the upper side and lower side of the output link,
respectively, and they are sandwiched by the motor-driven
gear and disk (see Fig. 1). These two cushions play different
roles in the proposed joint mechanism.

Each s-SRCtrans is in contact with the motor-driven gear
or disk, and it transmits the rotational motion of the motor
to the output link because of the friction torque between its
surface and the motor-driven gear and disk. If the external
force around the rotational joint axis, τx, is exerted on the
output link, the shear deformation of s-SRCtrans occurs.
Then the external force becomes larger, the slippage between
SRCtrans and the motor-driven disk begins (see Fig. 3(b)).

(a) SRCtrans (b) SRCstiff

s-SRCtrans

Fig. 2. Two cushions used in the proposed mechanism. (a) SRCtrans

consists of four s-SRCtranss and is used to transmit the rotational motion
from the motor to the joint shaft. (b) SRCstiff adjusts the characteristics
of joint stiffness.

F0 : initial compressing force

FR1,R2 FR3,R4

FL1,L2 FL3,L4

FR1,R4 FR2,R3

FL1,L4 FL2,L3

s-SRCtrans

(a) Initial condition

(c) passive motion against (d) passive motion against 

(b) passive motion against 

Fig. 3. Joint motion against external forces from multiple directions.

These phenomena absorb the excessive force and prevent the
robot arm from causing a serious damage to human.

In addition, when the external forces around Y - and Z-
axes, τy and τz , are exerted on the output link, they are also
absorbed by the compressive deformation of s-SRCtrans.
Therefore, we may can that this joint has a multidirectional
passive compliance and guarantees safety and stable contact
with human while performing their services.

On the other hand, SRCstiff aids in adjusting the joint
stiffness. If SRCstiff is expanded by supplying air flow
from a pump, each s-SRCtrans will be strongly pressed
against the motor-driven gear or disk. The joint becomes stiff
and can endure larger external torque with the compression
of s-SRCtrans, because the deformation of s-SRCtrans is
decreased and also the increment of friction force between
s-SRCtrans and the motor-driven disk restricts slippage. The
detail of this phenomena is described in SectionIV.B.

B. Estimation of external forces

As described in the previous section, the joint can effi-
ciently absorb external force because of the elastic defor-
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mation and slippage of s-SRCtrans. The deformation and
slippage causes backward rotation of the output link, and
the link will behave like a spring until the beginning of
the slippage. With regard to the external force around the
joint axis, τx, we expect that the magnitude of the force
can be estimated by measuring the difference of the position
between the output link and the motor-driven disk. The angle
of the motor-driven disk is measured using a potentiometer
attached to the motor-driven shaft. On the other hand, actual
position of the output link is known by measuring the angle
of slippage detection shaft that contacts with the terminal
part of the link and rotates together (see. Fig. 1).

On the other hand, the external torque around Y - and
Z-axes, τy and τz , is also estimated using the information
about the pressure in s-SRCtrans. As shown in Figs. 3(c)
and (d), when τy or τz are applied to the output link, s-
SRCtrans numbered 1 and 2 or 3 and 4 are compressed,
respectively. An increase in the compression force can be
measured by the determining in the pressure of each s-
SRCtrans. Furthermore, we determined which cushion was
compressed to obtain the direction of the applied force.

Next, we explain the process of estimation of τy and τz .
Initially, a compression force F0 is exerted equally on all
s-SRCtranss because of their contact with the two motor-
driven disks. Consider a situation in which τx, τy , and τz

are applied simultaneously to the output link. Assuming
that these torques, τx, τy , and τz , individually act on s-
CushionAs as compressing force fx, fy, fz , respectively.
The magnitudes of the forces exerted on each s-SRCtrans,
i.e., FRi and FLi, are obtained as follows:

FRi = F0 + fx
Ri + fy

Ri + fz
Ri, (1)

FLi = F0 + fx
Li + fy

Li + fz
Li, (2)

where the subscripts, R, L, and i (=1∼4) indicate the
right and left side of the output link and the number
of s-CushionA, respectively (see Fig. 3). The relationship
between the external torques τy and τz and the forces exerted
on the s-SRCtranss, FRi and FLi, is expressed as follows:

τy = d(FR1 + FR2 − FR3 − FR4)
−d(FL1 + FL2 − FL3 − FL4), (3)

τz = d(FR1 + FR4 − FR2 − FR3)
−d(FL1 + FL4 − FL2 − FL3), (4)

where d denotes the perpendicular distance from the center
of each s-SRCtrans to the Y- or Z-axis. On the basis of the
symetrical arrangement of the s-SRCtranss, the following
relationship can be assumed:

fx
Ri

= fx
Li

(i = 1 ∼ 4), (5)

fy
R1

= fy
R2

= fy
L3

= fy
L4

, fy
R3

= fy
R4

= fy
L1

= fy
L2

, (6)

fz
R1

= fz
R4

= fz
L2

= fz
L3

, fz
R2

= fz
R3

= fz
L1

= fz
L4

(7)

(a) s-SRCtrans (b) SRCstiff

Fig. 4. Dimensions of s-SRCtrans and SRCstiff .
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Fig. 5. Relationship between the compression force and the change in
pressure.

Substituting Eqs. (1) and (2) into Eqs. (3) and (4), respec-
tively, and also taking Eqs.(5)∼(7) into consideration, we
obtain the following simple equations.

τy = 2d(fy
R1 + fy

R2 − fy
R3 − fy

R4) (8)

= 4d(fy
R1 − fy

R3), (9)

τz = 2d(fz
R1 + fz

R4 − fz
R2 − fz

R3) (10)

= 4d(fz
R1 − fz

R2). (11)

The above equations show that Eqs. (3) and (4) express
the balance between the external torques τy and τz and the
actual compression forces caused by each torque, fy

Ri and
fz

Ri, respectively. Therefore, even if τx, τy , and τz are applied
simultaneously, we can determine τy and τz individually
by solving Eqs. (3) and (4), respectively. In addition, while
calculating these torques, we find that the compression forces
acting on either sides (left or right) are used only. Therefore,
the actual equations for estimating the torques are given as
follows:

τy = 2d(FR1 + FR2 − FR3 − FR4), (12)

τz = 2d(FR1 + FR4 − FR2 − FR3). (13)

FR1∼FR4 can be easily determined by measuring ∆P in
the s-SRCtranss, as described in following section.

III. PROTOTYPE JOINT MODULE

Figs. 6(a)(b) show a prototype planar 1-link arm system
with the proposed joint module. The dimensions of the joint
module are 130 mm × 72 mm × 82 mm, and its weight is
approximately 1000 g. Its body is mainly made of aluminum
and stainless steel. For the next version, we will modify the
design and the materials used to develop a lighter module.

s-SRCtrans and SRCstiff are made from silicone rubber
(Shin-Etsu Chemical Co., Ltd: KE1300) and a thinner. The
ratio of RTV (room temperature vulcanizing) silicone rubber
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(a) Topview (outward appearance)

(b) Topview (inside the joint)

Fig. 6. Prototype joint module.

and the thinner is 9:1. Dimensions of these cushions are
shown in Fig. 4. In the case of s-SRCtrans, the relationship
between the compression force f and the pressure change in
the cushion, ∆P , is shown in Fig. 5. This figure shows that
the relationship between f and ∆P can be assumed to be
linear (f = 9.27 × 103∆P ). Using this relationship, we can
estimate the amount of compression forces acting on each s-
SRCtrans, FRi or FLi (i = 1∼4), easily by measuring ∆P .
From Eq.(1)∼ Eq.(13), it is known that torques τy and τz

can be estimated by determining ∆P in each s-SRCtrans

only.

The proposed joint is actuated by a DC motor (STL
JAPAN: HS-GM43-FPSL; maximum torque 0.98 Nm; ro-
tational speed, 5∼22 rpm). The rotational motion of this
motor is transmitted to the output link through the motor-
driven gear, whose reduction ratio is 1:2. The rotational angle
of the motor-driven gear and the output link are measured
using two potentiometers (Murata Manufacturing Co., Ltd.,
SV01A103AE01), respectively.

The position of the output link can be known by measuring
the position of slip detection shaft that makes a rolling
contact to the terminal body of the output link. The difference
of the positions between the motor-driven gear and the output
link causes by the shear deformation of s-SRCtrans. So we
can estimate the magnitude of the external torque, τx, with
the gap between two positions.

In order to measure the pressure in the s-SRCtrans,
four pressure sensors (Fujikura Ltd., PSM-050KPG, type:
guage pressure, range: 0∼50KPa) are connected to four s-
SRCtranss attached to the upper side of the output link
through silicone rubber tubes. This pressure information is
used to detemine the contact situation of the link to the
environment.

Fig. 7. Experimental setup.

top view

side view

Fig. 8. 1-Link arm system with the proposed joint.

IV. EXPERIMENTS

In this section, we show the basic performance and charac-
teristics of the proposed joint module by performing several
experiments.

A. Experimental setup

The experimental system is shown in Fig. 7. An output
link, whose lenght and weight are 300 mm and 80 g,
respectively, is attached to the prototype joint module. As
shown in this figure, the pressure in SRCstiff , Pb, is adjusted
by a pressure control unit in order to achieve a desired joint
compliance. This unit consits of an air compressor (Nitto
Kohki Co., ltd.: DP0102H-X1; rated flow rate, 4.0 l/min;
maximum pressure, 0.08 MPa), a flow regulator (SMC Corp.:
ITV0031-3BS; regulating pressure range, 0.01∼0.1 MPa;
maximum flow rate, 3.5 l/min), a flow valve (SMC Corp.:
VX2110V-01-5G1-B; 2-port solenoid valve), and a pressure
sensor(SMC Corp.: ISE90-C01-T-M; rated pressure range, -
0.100∼1.000 MPa). This pressure control unit occupies only
small space, therefore we would like to embed it into the
upper arm body at next version.

On the other hand, the link motion is measured by two po-
tentiometers(Murata Manufacturing Co., Ltd., SV01A10301)
attached to the joint shaft and the slippage detection shaft,
respectively.

B. Joint stiffness

First, we investigated the relationship between the pressure
in SRCstiff , Pb, and the joint stiffness K. In this experiment,
we locked motor-driven gear and disk directly by thrusting a
pin from the joint frame to them instead of locking DC motor,
because we evaluate actual limitation of the joint stiffness.
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Fig. 9. Relationship between pressure in SRCstiff and joint stiffness.
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Fig. 10. Relationship between the deformation of SRCtrans and the joint
angle.

Then we pushed the output link, therefore the external force
was mainly absorbed by s-SRCtranss. We set the pressure in
SRCstiff to 0.00, 0.02, 0.03, 0.04, and 0.05 MPa. At each
pressure, we pushed the tip of the output link at a constant
velocity of 5.0 mm/s using a force sensor around the X-axis
and measured the reaction force during this process (see Fig.
8).

Fig. 9 shows the change in the reaction force (torque)
for every approximately 5.0 deg. increase in the angle of
the output link. When the pressure was 0.00 MPa, the link
began to slip easily by a slight external torque, because s-
SRCtranss were not pressed firmly against the motor-driven
gear and disk owing to an insufficient expansion of SRCstiff .

Under other pressure conditions, we find that the link
began to slip when its angle exceeds 20 deg. (Region B in
this figure). In addition, the reaction torque at the beginning
of slippage increased with the pressure Pb. In region A where
the link endured the external torque, the relationship between
the torque and the joint angle became almost linear.

Here we describe the reason why the joint behaves like
a linear spring in region A. Fig. 10 shows the relationship
between the angle of the output link, θ, and the deformation
of s-SRCtranss, δ.

As shown in this figure, when τx is applied on the link,
a shearing force, Fshear acts on s-SRCtranss and deforms
them. We can define the height of s-SRCtrans as a function
of the pressure in SRCstiff , Pb, because s-SRCtrans is com-

Fig. 11. Relationship between joint stiffness and pressure in SRCstiff

pressed by the expansion of SRCstiff . Defining the height
of s-SRCtrans as H(Pb), the deformation of s-SRCtrans is
expressed as follows,

δ = H(Pb) · tan φ (14)

where tan φ indicates the shear strain. Defining the shear
modulus of s-SRCtrans as G, the shear strain is described
as

tan φ =
Fshear

G
. (15)

From Eq.(14) and Eq.(15), the movement of the joint, θ
caused by external torque,τx, is

θ =
δ

r
(16)

=
H(Pb)
G · r Fshear (17)

where r denotes the distance between the center of s-
SRCtrans and that of the joint. Eq.(17) means that the joint
stiffness,K, can be defined as a function of the pressure in
SRCstiff ,

θ =
1

K(Pb)
· Fshear. (18)

From the experimental results shown in Fig.9, we can
obtain the joint stiffness K(Pb) as K(Pb) = 3.06Pb + 0.068
(Nm/deg.) (see Fig. 11).

C. Absorption of impact force

We examined the reaction of the joint module to the exter-
nal force applied suddenly on the link during its movement
and evaluted its effectiveness to soften the shock. We let the
link collide with a force sensor and measured the impact
force. The link is made from aluminum; therefore, we can
assume that collision occurs between two rigid objects, in
which the contact force can not be absorbed by the sensor
or the link body.

The pressure in SRCstiff , Pb, was set to 0.0 MPa and
0.05 MPa. Furthermore, a weight of 200 g was mounted on
the link to increase the inertia of the link. Its mounted point
was 250 mm away from the center of the rotation of the
link. Collision with the force sensor occurred while the link
rotates with a constant velocity of 60 deg/s. The contact point
on the link was located 200 mm away from the rotational
axis of the link.
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(a) Pb=0.00 MPa (b) Pb=0.05 MPa
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Fig. 12. Comparison of impact forces.

Figs. 12(a)(b) show the experimental results. As shown in
Fig. 12(b), the maximum of impact force is 17.9 N. At the
moment of contact, the slippage between the link and the
motor-driven disk did not occur, because s-SRCtranss were
adhered strongly to the disk.

On the other hand, when Pb was 0.0 MPa, the peak
of impact force was reduced to 4.0 N. In this case, large
slippage occurred easily between the output link and the
motor-driven disk, which resulted in an effective absorption
of the impact force.

From the comparison of the two results, we confirmed
that a wide adjustable range of stiffness of the joint can be
obtained by controlling Pb.

D. Controllability

In this section, we investigate the controllability of the
joint module by performing several experiments. There is a
possibility that s-SRCtrans degrades the control performance
under fast motion becuase of its elastic deformation and
slippage.

At first, we investigated the frequency response of the
joint by inputting a sinusoidal signal with an amplitude of
±20deg. into DC motor. In this experiment, the pressure in
SRCstiff , Pb, was set to 0.00 MPa. Under this condition,
the output link became slippy and the controllability would
worsen compared to other pressure condition. The position of
the output link was measured with the potentiometer attached
to the slippage detection shaft. Comparing the position of the
output link with that of the DC motor, we calculated the gain
and phase parameters, respectively.

As the result, under the worst condition, the joint could
follow perfectly the motion of DC motor less than 1.25Hz.

In second experiment, we applied a sinusoidal input with
an amplitude of ±15 deg. and synchronized the motion of
DC motor with it. The frequency of the input signal was
1.5 Hz. Furthermore, we mounted a weight of 300 g on the
output link at a position of 250 mm away from the center of
the joint.

The joint stiffness could be adjusted by setting the pressure
in SRCstiff to 0.00 MPa and 0.05 MPa. Figs.13(a)(b) show
the experimental results. From these results, we confirmed
that the output link could follow a desired position without
perfect slippage. However, the amplitude of the output link
tended to be greater than that of the motor-driven gear
because of the elastic deformation of s-SRCtrans caused by
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Fig. 13. Comparison of tracking performances for sinusoidal motion.

the inertia of the weight. In addition, as shown in Fig. 13(a),
when the joint stiffness was not sufficient, we found that the
output link was slightly delayed. It was easy to deform s-
SRCtrans along the rotational direction of the motor-driven
disk, which caused the delay of the output link.

On the other hand, if s-SRCtrans was compressed firmly,
the delay was decreased sufficiently because it became
difficult to deform s-SRCtrans along the shearing direction
(around X-axis).

E. Force estimation

Finally, we demonstrate the ability of the joint to estimate
external forces. As one of the examples, the result of the
estimation of the external force around Y-axis, τy , is shown
here. τy was applied by pushing the link with a finger. The
pushing force was measured using the force sensor attached
to the fingertip. We set the pressure in SRCstiff , Pb, to be
0.01 MPa and 0.05 MPa in order to examine the influence
of the joint stiffness on the estimation performance.

Figs. 14 and 15 show the experimental results obtained
when Pb was 0.01 MPa and 0.05 MPa, respectively. From
these results, we found that the joint could accurately es-
timate the force even if the degree of compression of s-
SRCtranss differs because of the pressure in SRCstiff , Pb.
In the estimation argorithm, we did not use the value of
pressure in s-SRCtrans but its change in order to estimate
the external forces τy and τz .

On the other hand, the external force around the X-axis,
τx, could be estimated correctly before the begining of
slippage by measuring the difference between the output link
and the motor-driven disk , because the relationship between
the difference and τx becomes linear as a spring as shown
in Fig. 9. If we glue the surface of s-SRCtrans to the motor-
driven gear, the slippage will be prevented and the estimation
of τx will become easier.

4199



V. DISCUSSION

In this paper, we described a novel joint mechanism with
variable compliance, and we investigated the fundamental
features of the characteristics of passive compliance, con-
trollability, and ability of sensing external forces.

First, we confirmed that joint compliance can be adjusted
easily by controlling the pressure in SRCstiff , Pb, and the
adjustable compliance ranged from 0.068 Nm/deg to 0.22
Nm/deg, while Pb is controlled from 0.0 MPa to 0.05 MPa.
The output link moves slowly, as if it is supported by a
spring, while the difference of the position from the motor-
driven disk is less than 20deg. This prototype joint has good
characteristics in terms of soft compliance; however, in an
actual case such as transporting a heavy load, the robot
should firmly endure the external force. In order to increase
the stiffness to a higher level, we need to set a higher pressure
Pb or to modify the design and the material of s-SRCtrans.

Second, with regard to controllability, the output link could
follow a sinusoidal motion of 1.25 Hz perfectly. Even if the
weight of 300g was mounted on the tip of the link, the joint
could follow the desired motion (its amplitude and frequency
were ±15deg. and 1.5Hz, respectively) without a fatal error
and delay. The error and delay tended to increase with a
decrease in the stiffness. We confirmed that a decrease in
the performance was attributed to the elastic deformation of
s-SRCtrans, and not to the slippage. In order to solve this
problem, we have to use a robust controller considering the
dynamics of s-CushionA to this joint system.

Finally, the ability to estimate the contact force was
investigated in Section IV-E. The results indicated that the
joint could estimate the force correctly, even if it changed
dynamically. The estimation algorithm has two features: (1)
it is very simple and (2) only the information regarding the
pressure in s-SRCtrans is used. Therefore, the estimation
can be completed within a short time and is robust against
electrical noise.

VI. CONCLUSION

In this study, we proposed a novel joint mechanism to
achieve variable stiffness. In this mechanism, two different
types of silicone rubber cushions are effectively used. Taking
advantages of the elasticity of the cushions, the absorption of
external forces from multiple directions and the estimation
of the magnitude and direction of external forces are carried
out. From the results of several experiments, we confirm that
the proposed joint can give a robot the possibility to generate
a skillful and gentle motion.

VII. ACKNOWLEDGMENTS

This work was partially supported by Electro-Mechanic
Technology Advansing Foudation and a Grant-in-Aid for
Scientific Research (#21560268) from the Japan Society for
the Promotion of Science.

Fig. 14. Estimation result (Pressure in SRCstiff : 0.01 MPa)

Fig. 15. Estimation result (Pressure in SRCstiff : 0.05 MPa)
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