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A Serial-Type Dual Actuator Unit With Planetary
Gear Train: Basic Design and Applications

Byeong-Sang Kim, Jae-Bok Song, Member, IEEE, and Jung-Jun Park

Abstract—Control of a robot manipulator in contact with the
environment is usually conducted by a direct feedback control sys-
tem using a force-torque sensor or an indirect impedance control
scheme. Although these methods have been successfully applied
to many applications, simultaneous control of force and position
cannot be achieved. To cope with such problems, this paper pro-
poses a novel design of a dual actuator unit (DAU) composed of two
actuators and a planetary gear train to provide the capability of
simultaneous control of position and stiffness. Since one actuator
controls position and the other actuator modulates stiffness, the
DAU can control the position and stiffness simultaneously at the
same joint. Both the torque exerted on the joint and the stiffness
of the environment can be estimated without an expensive force
sensor. Various experiments demonstrate that the DAU can pro-
vide good performance for position tracking, force estimation, and
environment estimation.

Index Terms—Environment estimation, force estimation, plane-
tary gear train, redundant actuation, variable impedance approach
(VIA).

I. INTRODUCTION

ROBOT manipulator operating in free space can be con-
A trolled by a conventional position control scheme. In this
case, a manipulator usually has high stiffness for improved po-
sitioning accuracy. When the manipulator contacts or collides
with the external environment, such high stiffness might cause
damage to both the manipulator and the environment. Therefore,
in this situation, accurate force control is required to ensure safe
and smooth movement.

Much research has been done to improve the performance of
position and force control [1]-[12]. For example, force control
of a manipulator is usually executed directly by the feedback
control system using a force sensor. This approach requires
complicated algorithms and the use of an expensive sensor. In
addition, direct force control may make the system unstable
when the contact occurs. On the other hand, force control can
be implemented indirectly by the stiffness control method in
which the contact force is indirectly controlled by adjusting the
desired position of the end-effector. The problem with indirect
force control strategies is that forces cannot be regulated unless
the exact environment model is known [13].
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To cope with this problem, the variable impedance approach
(VIA) has been introduced as a good method to simultane-
ously control stiffness and position of a robot arm. The methods
for implementing variable stiffness can be classified into three
approaches. The first approach uses the agonist/antagonist ap-
proach inspired by the musculoskeletal system [14], [15]. Two
actuators are connected in parallel through a nonlinear spring,
and both torque and velocity are simultaneously controlled by
controlling the position difference between the two actuators.
The second approach uses a variable stiffness mechanism com-
posed of a main actuator and a subsidiary actuator [16]-[19]. The
position or velocity is controlled by a main actuator, whereas
the stiffness is adjusted by the subsidiary actuator with the vari-
able stiffness structure. The third approach employs the serial
connection of two actuators: one actuator controls the posi-
tion and the other actuator directly modulates the stiffness of a
joint [20], [21].

These three methods stated before have their own merits and
demerits. The first approach of using the agonist/antagonist
actuation can have reduced backlash, but it suffers from the
complex control algorithm since two actuators have to be
synchronously controlled. In the second approach using the
variable stiffness mechanism, the wide range of stiffness vari-
ation can be obtained since it depends on the mechanical
system. However, the stiffness cannot be changed on the fly
and some time is required for a change in stiffness. In the
third approach of using the serial actuation, stiffness can be
changed in real time during operation and force can be es-
timated by the encoder information. However, the maximum
torque is rather limited because the gear ratio associated with
stiffness control is relatively low. Therefore, the characteristics
of these methods should be carefully considered according to
specific applications.

This paper proposes a novel design of a dual actuator unit
(DAU) composed of two actuators and a planetary gear train.
Two actuators are connected in series via a planetary gear
train, and each actuator is responsible for positioning and
variable stiffness independently. Since one actuator [called
a positioning actuator (PA)] controls position and the other
actuator [called a stiffness modulator (SM)] modulates stift-
ness, the DAU can control position and stiffness simultaneously
at the same joint. By using a planetary gear train, it is possible
to adjust its gear ratio depending on the applications, thereby
optimizing the system size. Furthermore, the compact design of
the DAU is advantageous to its use as a component in any types
of systems.

The features of the DAU can be summarized in two main
points: force estimation and environment estimation. Force
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estimation is related to direct force control, whereas environ-
ment estimation is linked to indirect force control. To estimate
both the force and environment, the position information pro-
vided by the two encoders installed at each actuator is used. The
force measurement can be realized by using an explicit force
sensor, but high cost often precludes the use of such devices in
practical applications. Although there are some limitations in
force estimation due to the error caused by the gear backlash
and friction, the DAU can be a practical solution to the imple-
mentation of force control in real applications such as service
robots allowing relatively less accurate force control than the
industrial manipulators requiring accurate force control.

The remainder of this paper is organized as follows.
Section II describes the DAU in detail. The position controller
and stiffness controller based on this DAU are presented in
Section III. Force estimation and environment estimation using
the DAU are explained in Sections IV and V, respectively. The
practical issues related to the use of a DAU are explained in
Section VI. Finally, Section VII presents our conclusions.

II. DUAL ACTUATOR UNIT

The DAU using a planetary gear train proposed in this
research can control both position and stiffness indepen-
dently. This section discusses the concept of the DAU, power
transmission, design guideline, and the prototype of DAU.

A. Dual Actuators

The DAU is composed of two actuators and a power transmis-
sion system, as shown in Fig. 1(a). The PA of the DAU controls
the joint position, whereas the SM controls its joint stiffness.
Fig. 1(b) illustrates the torque—angular velocity characteristics
of the dual actuators. A high-torque low-speed PA with a high
gear ratio is beneficial to positioning accuracy, whereas a low-
torque high-speed SM with a low gear ratio is advantageous to
soft manipulation, which means that the manipulator smoothly
can control contact force from low to high. The power trans-
mission system is used to combine the powers generated by the
dual actuators.

B. Power Transmission: Planetary Gear Trains

In this research, the 2-DOF characteristics of a planetary gear
train are exploited to implement a novel DAU design. The DAU
is mainly composed of a PA, SM, and four-stage planetary gear
train, as shown in Fig. 2. The PA and planetary gear train are
grouped into the position control part requiring a high gear ratio.
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Fig. 2. DAU based on planetary gear train. (a) Planetary gear train. (b) DAU
based on four-stage planetary gear train.

The SM, the gear reducer at the SM, and the external gear are
grouped into the stiffness modulation part. In Fig. 2, the prime
represents the variables that are the original outputs of the actua-
tors to distinguish them from the variables obtained through the
gear reducers. For example, 85, denotes the angular displace-
ment of PA and Bpa represents that of the PA unit composed of
the PA and its gear reducer (i.e., planetary gear train).

To obtain a high gear ratio, a multistage planetary gear train
is used, and each stage is composed of a sun gear, planet gears,
a ring gear, and a carrier. By connecting the output of stage i
to the input of stage i + 1, this multistage configuration brings
a significant increase in the gear ratio. With the ring gear fixed,
the gear ratio I'pa j associated with at stage i can be expressed

by
We,i _ Ns.i
wsi Ngri +Ns;’

eai = i=1,...,4 (1)
where ws j and W¢ ; are the angular velocities of the sun gear
and the carrier, and Ns j and Ng, are the numbers of teeth of
the sun gear and the internal ring gear, respectively. The total
gear ratio pp of the PA unit is then determined by the products
of gear ratios of each stage as follows:

4

(rpai) 2)

PA i=1
where wp, and Wo are the angular velocity of the PA at the
actuator stage and the output shaft, respectively. For example,
if the gear ratios are 6:1, 5:1, 6:1, and 5:1 for each stage, then
the resulting gear ratio is 900:1.

On the other hand, with the sun gear connected to the PA shaft
fixed, the gear ratio sy associated with stiffness modulation
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can be given by
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where wg), is the angular velocity of the SM at the actuator
stage, Wo is the angular velocity of the output shaft, rg), is
the gear ratio of the gear reducer installed at SM, and Nsme
and Nro are the number of teeth of the spur gear (attached
to the shaft of the SM gear reducer) and the outer ring gear,
respectively.

Now, the total DAU system can be replaced by the equivalent
model composed of the actuators and equivalent gear reducers,
as shown in Fig. 3. The variables Kpa, 0pa, and Tpa denote
the joint stiffness, joint angle, and joint torque of the position
control part at the output of the gear reducer, whereas Ksp, Osm,
and Tsy are those of the stiffness modulation part, respectively.
On the other hand, Ky, 8p,4, and Ty, are the stiffness, angular
displacement, and output torque of PA, and Kg),, 85y, and Tgy,
are those of SM.

By applying the principle of superposition, the angular
displacement of the DAU, Bpau, can be expressed by

Bbau = Bpa +Bsm = rpabpa + rsmBsy “

where 8, is the control variable used to achieve position control
and O, is the measured parameter, i.e., the position of DAU
is determined only by the position of PA. The torques of the
PA, SM, and DAU are identical since PA and SM are connected
in series. Therefore, the joint stiffness of DAU, kpay, can be
obtained by

(1/rpA)2(1/rgM)2kPAkSM
(1/rpa)?kpp + (1/Tsm)?Kgy

Since (1/rsy) is much smaller than (1/rpa), Kpau is
approximated as

&)

kpau =

kpau =
Ism

Ksm - (6)

As expressed in (6), the joint stiffness can be considered as
a function of only Kg),, which means that the joint stiffness of
the DAU is determined only by the stiffness of SM.

C. Design Guideline of DAU

To design a DAU, the required specifications of the DAU
such as power, velocity, torque, position response time, stiffness
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Fig. 4. Prototype of DAU. (a) DAU. (b) Internal view of DAU with planetary
gear train.

response time, etc., should be determined first. The PA and
SM are selected from the properties related to position control
and stiffness modulation, respectively. Then, each gear ratio
associated with position control and stiffness modulation can be
chosen. To minimize the interaction between the PA and the SM,
it is recommended that the gear ratio associated with position
control is ten times higher than that associated with stiffness
modulation.

Next, the appropriate gear reducer is selected to connect the
PA and SM in series using a planetary gear train or a harmonic
drive. Any type of speed reducer can be adopted, but the internal
elements must be uniformly distributed and the input shaft must
be aligned with the output shaft; otherwise, the eccentricity tends
to generate the vibration that causes the torque ripple problem.
A planetary gear train is used for the low-cost, low-sensitivity
model and a harmonic drive for the high-cost, high-precision
model.

D. Prototype of DAU

The prototype of the DAU based on a planetary gear train,
as shown in Fig. 4, was constructed for various experiments
related to the performance of the DAU. The DAU uses two
20-W brushless dc motors. PA has four-stage planetary gear
trains, and the gear ratio of each stage is approximately 5:1. SM
has its own gear reducer, and the output shaft is connected to the
spur gear that has the same number of teeth as the outer gear.
Therefore, the gear ratio of the position control part of the DAU
is 690:1, while that of the stiffness modulate part is 84:1.

The total size including the motors is 29 % 53 % 115 mm, and
the weight of the unit is about 500 g. The maximum continuous
torque is 1.2 N'm, the maximum velocity is 90°/s, the rated
power is 40 W, and the maximum backlash is 3.6°. The encoder
resolution with the gear reducer is 2.14 % 10~%" per pulse for
the SM part, which is small enough for force estimation. The
force estimation range varies from 0.1 to 1.2 N-m.

As shown in Fig. 5, two controllers based on the DSP
(TMS320F2812) were used to independently control the po-
sition and stiffness of the manipulator. Two motion controllers
are connected by the control area network (CAN) communi-
cation. The position information of PA is transmitted from
the position controller to the stiffness controller, and both
actuators are controlled at a sampling rate of 1 kHz. To
verify the performance of force estimation, the force sensor
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Fig. 5. Block diagram of the controller.
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Fig. 6. Control topology of DAU.

(JR3, IFS-67M25 A) is used and the receiver board
(PCI-2184 S) is installed at the PC. The stiffness controller
communicates with the computer via RS-232 communication.
All the data about force, position, and stiffness are logged in the
PC for analysis at every 1 ms interval.

III. POSITION AND STIFFNESS CONTROL USING DAU

A DAU based on a planetary gear train can conduct indepen-
dent control of position and stiffness. In this section, the position
and stiffness control using the DAU are explained in detail, and
the motion of a planetary gear train is examined during position
and stiffness control.

A. Motion Control of DAU

The physical schematic diagram of the DAU control system
is illustrated in Fig. 6, and the control block diagram is shown
in Fig. 7. The desired position 8pa ¢ and torque Tpa ¢ are used
as two inputs to the PA and SM, respectively. The PA con-
trols the position of the link with the position feedback signal
measured at the end of the link, whereas the SM modulates the
desired torque with the torque feedback signal obtained from the
product of Bsy and Ksp . The PID and proportional-derivative
(PD) controllers were used for position control and stiffness
modulation, respectively.

Assuming that the viscous friction effect is ignored, the equa-
tion of motion referred to the PA and SM at the actuator stage
can be obtained as

Jpa + 12, realsmJu Bpa

where Tp, and Tg), are the torques generated by the PA and
SM at the actuator stages, and 0p,and 8g,, are the angular

Fig. 7. Control block diagram of DAU.
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Fig. 8. Position control using DAU. (a) Position control of link. (b) Gears in
motion during position control.

accelerations of the PA and SM, respectively. Jpa is the moment
of inertia for both of the PA rotor and its gear reducer, and Jsp
is the moment of inertia for the SM rotor and its gear reducer.

B. Position Control

In Fig. 8, the motion of the planetary gear train is shown
when the link rotates to the desired position 8pa g in free space
by controlling PA. If PA rotates counterclockwise (CCW), then
(1) the sun gear attached to the PA shaft also rotates CCW but
(ii) the planet gears rotate CW. Assume that the SM shaft is
locked for the convenience of explanation; however, SM is not
physically locked. Since the ring gear meshing with the spur
gear is also fixed in this case, (iii) the carrier rotates CCW. As
a result, the link attached to the carrier rotates CCW, thereby
reaching the desired position.

The position control of PA can be achieved by PID control, in
which the position of PA is controlled so that the error between
the desired position (Bpa ¢) and the current position of the DAU
(Bpau) measured by the encoder approaches 0.

The experiment on position tracking was conducted to verify
the positioning accuracy under a load. As shown in Fig. 9(a),
a load of 1 kg was attached at the endpoint of the 20 cm link.
The link was commanded to track the step inputs with the joint
stiffness of SM set to 0.12 N-m/°. Fig. 9(b) shows the unit step
response with an amplitude of 90°. The settling time was about
2 s for the step response, which is rather slow due to the high
gear ratio of PA.

C. Stiffness Modulation

Suppose that the link needs to exert a contact force F; on
the object, as shown in Fig. 10(a). This task requires position
control and subsequent force control. First, the link was position-
controlled to move to the desired position at which it barely
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touched the object. Once the link contacted the object, the output
shaft of the DAU could no longer rotate, so rotation of the carrier
attached to the link was constrained.

Fig. 10(b) shows the motion of the DAU during stiffness
control. As PA rotates CCW, (i) the sun gear attached to the PA
shaft rotates CCW and (ii) the planet gears meshing with the
sun gear rotate CW. Then, (iii) the ring gear rotates CW and
transmits torque to SM because the carrier is constrained when
the link contacts with the object. Therefore, (iv) the ring gear
causes the spur gear connected to SM to rotate CCW, and the
angular displacement By of the back-drivable SM occurs

Bsm = Bpau — Bpa. 3
Then, the output torque Tsp of DAU is given by
Tsm = Fel = ksmBsm )

where Ksp is the joint stiffness that can be set by the user. If
the length of the link is I, the contact force F¢ between the link
and the object can be obtained by (9). The torque Tsy can also
be expressed by multiplying the torque constant K1 sy by the
current iy supplied to SM as follows:

Tsm = Fel = Ky sm ism. (10)

When the angular displacement Ogs) occurs, the relation
between the desired joint stiffness ksy and the current iy
can be described by (9) and (10) as follows:

. ksm Bsm
sy = ——2, (11
Kt sm

For example, when ks = 0.1 N-m/°, Ky s = 2 N-m/A,
I = 0.1 m, and the object is located at 30°, if the desired contact
force of 2 N is exerted, Oy must be 2° from (9). Therefore, the
position of PA, Bpa, is 32° from (8) since the position of the
link connected to the DAU does not change during the motion.

Fig. 11.  Step response of DAU to stiffness change. (a) Overall step response.
(b) Enlarged portion for the transition phase.
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Fig. 12. Equivalent model of force estimation.

Substituting the stiffness and angular displacement into (11)
yields a current of 0.1 A, which causes SM to generate a torque
of 0.2 N-m.

In the contact motion, controlling the stiffness of the ma-
nipulator is equivalent to controlling the contact force since
the contact force is directly proportional to the product of the
stiffness and displacement. To verify the response of the DAU,
the initial stiffness of 0.07 N-m/° was suddenly changed to
0.24 N-m/° while in contact with the external environment.
These stiffness levels mean that 2.1 and 7.2 N are required
to change the angle of the 20-cm link connected to the output
shaft of the DAU by 6°. Fig. 11(a) shows the step response
of stiffness change, and Fig. 11(b) shows the enlarged portion
for the transition phase. It took about 50 ms to obtain the de-
sired stiffness. Some error between the reference input and the
measured stiffness occurred due to friction and damping effects
in the power transmission system inside the DAU.

IV. FORCE ESTIMATION USING DAU
A. Force Estimation

As shown in Fig. 12, the external torque Tpauy, which is
induced by an external force exerted on the link attached to
the DAU, causes the SM and the encoder attached to its shaft
to rotate. As previously explained, the joint torque of DAU,
Tpau (= Tsm), can be readily estimated from (9) since the joint
stiffness ksy is set by the user, and the angular displacement
Bsm can be measured using an encoder. Once the joint torque
of DAU is obtained, the external force exerted on the link can
be estimated from the relationship between the force and the
torque.

The force estimation bandwidth can be obtained from the
relationship between the external torque Tpay (input) and the
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Fig. 13.  Force estimation using DAU.

encoder’s position Bg (output). Assume that the PA is fixed
since the force estimation dominantly depends on the SM. The
equation of motion can be written as

— 1 ) 1 : 1
Toau = 7 -JsmBpau + 7-BsmBoau + 7 -KsmOsm

) . . )
= pS;JSM rsmBe + rz;BSM rsmBe + rsmksmBe
(12)

where rsm, Jsm, Bswm, and Ksm (= Kgp/r3y) are the gear
ratio, the moment of inertia, the damping coefficient, and the
stiffness associated with the SM, respectively.

From this equation, the transfer function from the external
torque to the encoder’s position in the S-domain is given by

Be(s) _ 1

au(s)  (1/rsm)Isms? + (1/rsm)Bsms + sy kSM(1I3)

From the frequency response analysis, the cutoff fre-
quency (i.e., —3 dB point) is computed as about 44 Hz
when (1/r5|\/|) =84, Jgy =3 X 1077 kg . mz, Bsy =
1.57 x 1077 N-m-s/rad, and ksy = 1.2 N-m/°. The force
estimation bandwidth is relatively low because the gear reducer
plays a role of the low-pass filter. As the value of 1/rgy
decreases, the force estimation bandwidth will increase. The
external force is estimated at every sampling time, which means
that the force estimation frequency is 1 kHz.

Fig. 13(a) shows the experimental setup to verify the perfor-
mance of force estimation using the DAU. An F/T sensor is
installed at the endpoint to directly measure the force exerted
on the link. If the force is exerted on the link, the angular dis-
placement of SM occurs. The joint stiffness ksy was set to
2 N'm/° in the experiment. The force was randomly applied
to the link during 3 s, and then changed stepwise afterwards.
The measured and the estimated forces show a good agreement,
as shown in Fig. 13(b). Therefore, the DAU is capable of esti-
mating the force acting on the link without an additional F/T
Sensor.

B. Force Estimation Error

The backlash and friction between internal gears lead to the
force estimation error, as shown in Fig. 14. Assuming the gear
backlash is 0g, the output torque of DAU is zero until the
position of Bpay becomes larger than 8g /2. The gear backlash
shifts the ideal line to the actual line in force estimation, as shown

Fig. 14 Effects of gear backlash and internal friction. (a) Gear backlash.
(b) Internal friction.

in Fig. 14(a). To reduce the gear backlash, well fabricated gears
can be used because gear backlash is highly related to the grade
or quality of gears used in the system. A gear train with high
gear ratio at the final stage is also useful in reducing the total
gear backlash.

Now, assume that the internal friction is T¢. Because of the
internal friction between gears, a torque larger than the friction
torque is required to rotate the DAU. It means that the actual
torque must be larger than the estimated torque by the amount of
the friction effect. Furthermore, as the repeated force is applied
to the output shaft of the DAU, the hysteresis occurs, as shown
in Fig. 14(b). To compensate or reject the friction effect, the
model-based friction compensation can be used [22].

V. ENVIRONMENT ESTIMATION USING DAU
A. Environment Estimation

Information on the environment, such as its location, shape,
and stiffness, is sometimes required for successful execution
of tasks. Several research efforts related to this problem have
been conducted [13], [23]. Such information can be obtained
by a range sensor that measures the distance to the environ-
ment or a camera that recognizes the shape of an object. How-
ever, the range sensor usually provides the distance to a single
point, and the camera image is often corrupted by lighting con-
ditions. Furthermore, it is very difficult to know the stiffness
of the environment without contacting it. During contact with
the environment, the manipulator needs to maintain constant
contact force, which requires an expensive F/T sensor at its
end-effector. However, since the DAU has force estimation ca-
pability, the manipulator equipped with DAUs can estimate the
position, shape, and stiffness of the environment without any
damage to the environment. In this paper, environment estima-
tion is limited to stiffness estimation of the environment, which
means that damping estimation is not attempted. Considering
that service robots move relatively slow, damping is less impor-
tant than stiffness for most contact tasks. Therefore, the DAU
can be used for service robots working in human environments.

The method for estimating environmental stiffness is illus-
trated in Fig. 15. Because the stiffness is defined as the ratio of
applied force to the corresponding displacement, it can be ob-
tained by simultaneously measuring both quantities. The con-
tact of the manipulator with the environment can be detected
by observing whether or not the error between the desired and
the actual end-effector position is larger than the user-specified
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Fig. 15.  Stiffness estimation using DAU.

threshold during the motion. The user-specified threshold can be
set low for the tasks requiring high contact sensitivity, whereas
set to a high value for the tasks requiring low contact sensitivity.

At the moment of contact, the position is set as the contact
position Xe. In order for the end-effector to reach the desired po-
sition Xq, the manipulator applies the force to the environment.
Finally, it reaches the equilibrium position Xeq since force bal-
ance is achieved. Note that the position of PA actually reaches
Xd, but the position of DAU is Xeq because of the compliance of
SM, as shown in Fig. 15. To simplify the analysis, the damping
effect is ignored. By applying the force balance equation at the
equilibrium state, the contact force F. is given by

Fe = Ke(Xeq — Xe) = Km (Xd — Xeq) (14)

where F; is the contact force vector, and Ke and Kk, are the
stiffness matrices of the environment and the manipulator,
respectively. Provided that the DAUs are used for a manipulator,
the desired position vector X4 can be replaced by the position
vector of PA (Xpa) because PA always follows X4. Now, the
position vector of the end-effector (i.e., Xpau) is Xeq, Which
corresponds to the sum of Xpa and Xsnm, Where Xgy is the
relative displacement vector of SM. Because kp, is equal to the
stiffness matrix of SM Ksy, the environmental stiffness matrix
Ke can be written as

Ke(Xpa + Xsm — Xe) = KsmXsm- (15)

By using the estimated stiffness of the environment stated
previously, the surface of the environment can be obtained. Of
course, the manipulator can estimate the surface by detecting
Xe for the whole surface, which is very inefficient. To obtain
the surface information in this research, the end-effector moved
while the position of the surface was stored, as shown in Fig. 16.
While the manipulator follows path 1, the end-effector contacts
the wall, and then, it applies force to the wall. The position
information of PA and SM are saved in every sampling time,
while the manipulator follows path 2 (which can be a curved
surface). At some point, the manipulator departs from the envi-
ronment (i.e., path 3). By applying the equation of force balance
at the contact point, the surface information X, can be obtained
as follows:

Xe = Xeq — ke_lkm (Xd - Xeq) = (XPA + XSM) - ke_ch.
(16)

If the force F is too small, or the stiffness of the environment
ke is much larger than Ksy, the last term on the right side of
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Fig. 17. Five-bar parallel manipulator with DAUs. (a) Kinematic diagram.
(b) Experimental setup.

(16) can be neglected. As a result, X, can only be represented
by Xpa and Xsy .

During these processes, SM changes the stiffness matrix of the
manipulator Ksp (= Km ) to maintain a constant contact force F
between the end-effector and the environment. Compared with
the single-actuated manipulator, it can prevent the environment
from being damaged due to an excessively high contact force.

B. Experimental Verification

To verify the performance of environment estimation, the
five-bar parallel manipulator equipped with two DAUs was
developed, as shown in Fig. 17. If external forces are applied to
the elements, deformation occurs in the mechanical elements.
Compared to the angular displacement of the SM occurring
by the external forces, however, the deformations of the other
structures are negligibly small. Therefore, all other links are
assumed infinitely rigid. The length of link 1 is O cm, and the
lengths of the other links are all 20 cm. The operating range of
joint 1 and joint 2 are 35 = 75° and 145 =+ 75°, respectively.

At first, the manipulator approaches the environment to es-
timate the environmental stiffness. After the manipulator con-
tacts with a force of 3 N, the contact force was increased up to
10 N by increasing the stiffness of the DAU about three times,
and the position of the end-effector was measured at the same
time. As shown in Fig. 18(a), the end-effector is initially placed
at y = 268.3 mm from the origin, and the displacement of
2.0 mm occurs when the force was increased. The environmen-
tal stiffness was estimated as 3.5 kN/m while the actual stiffness
was measured as 3.75 kN/m using the F/T sensor. Although an
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Fig. 19. Experimental results for surface estimation using DAU.

error of about 7% occurs, it is reasonable to use the estimated
environmental stiffness in practical applications.

Fig. 19 shows the experiment on the estimation of the environ-
mental surface. The contact force was initially set to 3 N, which
makes the last term associated with the force in (16) negligible.
Consequently, the environmental surface can be estimated by
using the position information. As shown in Fig. 19, the desired
trajectory of the manipulator equipped with DAUs was given by
the rectangular shape, and the initial position was set to (0, 20).
As the manipulator follows the desired trajectory, the endpoint
passes through the points of (7, 20), (7, 30), (0, 30), and (0, 20) in
sequence. If there were no environment, the manipulator would
follow the desired trajectory (I - II - III — V). However, the real
trajectory was changed to (I - II - IV - V) due to the existence
of the environment. The environment was inclined at an angle
of 10°. The experimental results represented in Fig. 19 and the
trajectories of the environments can be obtained accurately by
using the position information only.

VI. PRACTICAL ISSUES

The DAU can be regarded as an actuator unit that requires
both position and stiffness commands independently. Therefore,
DAUS can be used not only for a 2-DOF robot manipulator but
also for the multi-DOF system. However, there may be some
arguments that the DAU makes the system complicated and
increases the cost because the DAU uses dual motors for a
single joint. Let us discuss these issues.

The first issue is its complexity due to dual motors. A DAU
functions as a unit. From a user’s point of view, it can be handled
as a single motor except that it can receive both position and
stiffness commands independently. This feature of dual inputs
is what the DAU is designed for. Consequently, the DAU can

be implemented in general systems as a substitute of a single
motor without any structural modification.

The second issue is its cost due to dual motors. Of course, the
DAU is more expensive than a single motor when the powers
of a DAU and a single motor are the same. Generally, the cost
of a motor depends on both the output power per unit mass
and its own features. The power of the PA and SM is usually
smaller than a single motor, which means that each PA and SM
is generally less expensive than a single motor. As a result, the
cost of the DAU is not much higher than that of a single motor.

The third issue is its control algorithm. By using dual motors
connected in series, the roles of the PA and SM are divided into
position control and stiffness modulation. Therefore, position
control and stiffness control are decoupled, which means that
the complexity of the control algorithm is, in some sense, less
than a single-motor system that needs to manage both position
and stiffness control in a rather complicated manner.

VII. CONCLUSION

A DAU was proposed in this research to enable force and
position control to be conducted simultaneously for a single
joint. The performance of position tracking, stiffness variation,
force estimation, and environment estimation was investigated
through a series of experiments. From this research, the follow-
ing conclusions are drawn.

1) The DAU can control the position and force simultane-

ously for a single-DOF joint by exploiting the features of
a planetary gear train.

2) The torque exerted on the joint of a DAU can be esti-
mated by the encoder information without an expensive
force/torque sensor. Direct force control can be conducted
by using the estimated force and torque information.

3) Indirect force control, such as stiffness control and
impedance control, can be implemented by using the
DAU that can estimate the stiffness and surface of the
environment.

The DAU proposed in this research can be used for a variety

of applications requiring stable force control, such as the hands
and legs of a humanoid robot.
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