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Abstract— We developed a robot which can do both of
active walking (all joints are actively controlled by actuators)
and semi-passive walking (hip joints are passive and spring
attached). In this paper, we summarize three technologies to
achieve the development. The first one is small and high-
strength clutch mechanism to sustain massive weight of life-
size robot. The second one is semi-passive walk controller
to consider passive joint dynamics. The last one is model
parameter identification considering not only body parameters
but also environment ones such as ground slope to achieve
unstable motion similar to simulated result in real world.

I. BACKGROUND AND MOTIVATION

(a) Previous works were separated (b) Our target is to cover all

Fig. 1. Researches on active walking and passive-based walking were
separated as shown in (a). Our target is to develop a robot to do all of
active walking and passive-based walking as shown in (b).

Recently, robotics researchers have made great progress
in development of bipedal robots; DURUS [1] has achieved
energy-efficient walking, MARLO [2] has demonstrated ro-
bust push-recovery control, and the other robots such as
[3][4][5][6][7][8][9][10][11] have also achieved unique ap-
plications in a few decades. However, these recent robots use
mostly active joints. Walking with passive joints is known
as passive walking [12] to distinguish from active walking
in which all joints are actively controlled as [13]. If partial
joints are passive and the others are active, such walking
is sometimes called as semi-passive walking [14][15] to
distinguish from pure passive walking in which all joints are
passive as [12][16][15]. However, these bipedal robots with
always-passive joints are limited to some particular uses.
In many cases, the use is limited to passive walking and
the other applications such as active walking are impossible.
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Fig. 2. Bipedal robot which has clutch mechanisms on hip pitch and
knee pitch joints of both legs to do both of active walking and semi-
passive walking. Hip has 3 joints, knee has 1 and ankle has 2 joints. Clutch
mechanism is equipped with hip pitch and knee pitch joints. Gear ratio is
160, maximum joint torque is 220 [Nm] which is determined by ratcheting
torque of harmonic gear and current limit of motor driver, and range of
motion is from −1.57 [rad] to +1.57 [rad] for all joints.

A compromise idea of active walking and passive walking
is active-passive walking with clutch-like mechanisms to
switch active and passive mode of joints while walking.
[17] proposes a mechanism using ball screw to switch
active/passive mode of knee and ankle joints while walking.
[18] proposes a backlash clutch mechanism, which is a
simple and sophisticated idea for active/passive switching of
knee joint while walking by using backlash. However, these
mechanisms could exert joint torque only one direction in
active mode, which makes position control difficult because
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Fig. 3. Exploded views and schematic diagrams of clutch mechanisms on left knee and left hip joints are shown. Left exploded views show three
independently rotators: passive link, active rotator and spring rotator. Spring rotator is embedded only on hip clutch. These three components are connected
and disconnected by a pin driven by servo motor. To freely move the pin, active rotator is controlled to track passive link by tracking controller shown in
bottom of right schematic diagram. The tracking controller cancels relative rotation between active rotator and passive link by using two encoders: absolute
encoder to measure relative rotation between upper link and passive link, and incremental encoder to measure relative rotation between upper link and
active rotator. Hip clutch has spring rotator to support upper body in passive joint mode. If pin is disconnected from active rotator, pin is connected to
spring rotator and vice versa.

simple PD controller is unusable. Therefore, the applications
were limited to active-passive walking.

In this way, previous researches on active walking and
passive-based walking were separated as shown in Fig. 1.
All robots which can do active walking can not do passive-
based walking, and vice versa. Our motivation is to develop a
robot which can do not only active motion but also passive-
based motion to obtain both merits of highly-controllable
active joint and energy-efficient passive joints. Actually,
our robot shown in Fig. 2 has achieved both of active
walking and semi-passive walking by one body. Further,
active-passive walking will be possible although only active
walking and semi-passive walking are shown in this paper.
In this paper, we summarize the technologies to develop
the robot. In section II, hardwares are described. We use
dog clutch mechanism to switch active joint and passive
joint of hip pitch and knee pitch joints of both legs. To
create frictionless passive joint, clutch mechanism should be
placed before gear reduction because large gear ratio causes
large friction force. However, such clutch without reduction
must transmit large joint torque to sustain massive body
of life-sized robot. Further, spring mechanism to support
upper body for passive walking is also described in the
section. In section III, walking controllers are described.
To consider passive joint dynamics, we use evolutionary
search in dynamics simulator. To accelerate the search, we
developed full-scratch dynamics simulator and parallelized
the search algorithm. The performance is also described in
the section. In section IV, walking experiments and model
parameter identification of body and environment models are
described. To achieve unstable semi-passive walking in real
world, model parameter identification was indispensable. We

use evolutionary search in dynamics simulator to detect a
model parameter for the simulator to output similar result to
real world experiment.

II. DESIGN OF CLUTCH AND SPRING EMBEDDED ON LEG

Our approach to switch active joint and passive joint by
one leg is to use clutch mechanisms [19] which can control
joint torque transmission. Because our robot is equipped
with harmonic gears, small clutch mechanisms to transmit
small torque is enough if the clutches are placed after gear
reduction. However, high gear ratio causes high friction force
and is not suitable for passive walking. If clutch mechanisms
are placed before gear reduction, gear friction is cut off.
However, the clutch mechanisms must transmit large joint
torque. For example, life-sized humanoid robot JAXON [6]
can exert over 300 Nm joint torque. A electromagnetic tooth
clutch product [20] occupies 134 mm diameter times 83
mm height volume and consumes 56.6 W energy. Such
friction clutch which transmits torque by friction between
two faces becomes large because large area of friction face
or large inner force between the faces are necessary to
transmit large torque. In comparison with friction clutch, dog
clutch which transmits torque by interference of two rotators
becomes small. However, to switch active and passive mode
by dog clutch, relative rotation between the rotators must
be controlled to zero. We use actuator placed on each joint
not only to rotate the joint but also to control the clutch
rotators. The designs are shown in Fig. 3. Small pins are
horizontally moved by small servo motors. If the pin is
placed between two rotators, interference between pin and
rotators transmit torque. In contrast, if the pin is placed
on only one rotator, two rotators become independent. Fig.
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(a) Knee joint’s active/passive mode (b) Hip joint’s active/passive mode

Fig. 4. Enlarged views of knee and hip clutch mechanisms including actual joints and CAD models. Left sides show active mode and pin is inserted,
and right sides show passive mode and pin is pulled.

4 shows active and passive mode of (a) knee and (b) hip
clutches. We can confirm that pin is placed in both of passive
link and active rotator in active mode of both clutches. In
passive mode, pin of knee clutch shown in Fig. 4.(a) is
placed only in passive link. In contrast, pin of hip clutch
in passive mode shown in Fig. 4.(b) is placed in both
of passive link and spring rotator. The diameter of pin is
determined for yield stress to be 10 times larger than the
maximum stress when maximum joint torque are applied.
The maximum joint torque is 220 Nm which is calculated
from electric current limit and ratcheting torque of harmonic
gear. Similar motor driver we used is described in [21]. DC
motor placed on joint can rotate active rotator shown in Fig.
3. The motor rotates passive link by rotating active rotator
when clutch pins are placed between passive link and active
rotator. When the pins are placed only on passive link, the
motor rotates only active rotator. Therefore, active rotator can
track passive link in passive joint mode. There additionally
exists spring rotator in hip pitch joint. The spring rotator
connects body link and leg links by spring when pins are
placed between passive link and spring rotator. The spring
is necessary for passive walking with upper body [22]. [22]
shows that there exists stable limit cycle for passive walking
if upper body is always placed in the middle of both legs.
However, such bisection mechanism disturb active motion.
In our design, clutch mechanism disconnects spring rotator
in active walking, and connects spring only in semi-passive
walking.

III. WALK CONTROLLER TO CONSIDER PASSIVE JOINT
DYNAMICS AND ENERGY EFFICIENCY

To generate walking motion considering passive joint
motion, planning algorithm involving forward dynamics is
needed. In this paper, we determine controller model parame-
ter for semi-passive walking by using evolutionary algorithm

in dynamics simulator world. We use Featherstone’s algo-
rithm [23] for forward dynamics, and penalty method [24]
to calculate contact force. The pseudo code is described in
[25]. The implementation is by C++ language, the calculation
speed is 70 kHz for 12-dof bipedal robot using Intel(R)
Core(TM) i7-4770SCPU 3.10GHz. The evolutionary algo-
rithm consists of mutation and amoeba method [26] and is
implemented in non-linear optimization library NLopt [27].
Further, we additionally make a change to enable parallel
computation. We use SIMBICON [28] as the controller
model. SIMBICON is a finite state machine in which the
state transits by contact change and spent time. Each state
has target joint angle, and the states transition includes linear
interpolation between the target joint angles and feedback
controlling using position and velocity of CoG (Center of
Gravity) of robot. The evolutionary algorithm searches the
target joint angles and feedback gains. A paper about the
walk controller will appear in IROS 2018 [29]. In this paper,
objective of walking controller search is CoT, which is
energy consumption per unit mass and unit CoG velocity.
CoT in simulation world is calculated according to the
following equations:

CoT =
E

mgd
(1)

E =
∑

i∈[0,N)

(
Ėk

i + Ėt
i + Ėc

i

)
∆t

s.t.


Ėk

i = τT
i ωi

Ėt
i = RIT

i Ii
Ėc

i = Constant

We consider kinetic energy Ėk
i at i-th simulation time step,

thermal loss Ėt
i and other energy consumption Ėc

i including
CPU power source. The kinetic energy Ėk

i is calculated by
using joint torque τi and joint angular velocity ωi which are
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Fig. 5. Snapshots of semi-passive walking and active walking experiment. Semi-passive means both hip pitch joints are always passive and the other
joints are active.

easily obtained in forward dynamics calculation. The thermal
loss is calculated by using constant electric resistance R and
electric current Ii which is obtained from Ii = A−1

r τ (A−1
r

= Torque Constant). Ėc
i is average energy consumption of

actual robot with zero joint torque. m is total mass of robot,
g is gravity constant and d is movement distance of walking.

Constraints of search are as follows:
• Maximum joint torque is 80 Nm
• Maximum joint velocity is 1.5 rad/s
• Maximum contact moment is 50 Nm
• Self collision and environment collision excluding foot
• Minimum height of pelvis link above ground is 80 cm
• Maximum simulation time tm is 10 s (Success condition)
The search process changes controller parameter, simu-

lates, calculate the first time when the constraints are not
satisfied, and calculate the following objective:

Minimize

{
1/(1 + 1

CoT ) (t ≥ tm)
tm/t (t < tm)

(2)

If the success condition is not satisfied (t < tm), the
objective becomes proportion to time duration in which
constraints are satisfied to detect parameter for walk without
falling. If the success condition is satisfied (t ≥ tm), the
objective becomes to include CoT to detect energy efficient
parameter. The reason why we did not directly use CoT as
objective is that falling motion sometimes becomes small
CoT motion if robot vigorously falls forward and such
motion can become local optima. The objective aims at
searching only not-falling walk motion.

Fig. 6 shows transitions of objective and CoT while
searching. The search uses two conditions: active walking
(act) using all joints as active, and semi-passive walking
(pas) using hip pitch joints of both legs as passive. The
search uses 7 thread parallel computation and detect 10
seconds walking motions without initial guess. Right axis
shows objective (Eq. 2). If the objective is less than 1,
walking motion is stable in 10 seconds. We can confirm
that 0.05 days searching detects both of active walking and
semi-passive walking parameters. After 0.8 days searching,

CoT becomes about 2.5 for semi-passive walking and 3.2
for active walking. There are two reasons why the CoT is a
few times larger than previous research [1]. First reason is
that our walking simulation includes starting and stopping
of walk motion. Forward movement is small in starting
and stopping motions. Further, the movement is zero after
stopping. Although our walk controller stops robot around 6
seconds, simulation continues 10 seconds to check that robot
does not fall. Actually, we confirmed that CoT decreased to
1.41 if we simulated 100 seconds walking motion using the
same semi-passive walking parameter. Second reason is that
our robot uses small gear ratio (160) and large electric current
loses lots of energy. We confirmed that walking motion was
possible with 500 gear ratio and CoT decreased to 0.9 in
simulation.
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Fig. 6. Transitions of objective and CoT while searching active walking
(act) and semi-passive walking (pas)

IV. WALK EXPERIMENTS BY MODEL IDENTIFICATION
AND MOTION REGENERATION LOOP

In section III, we detected walking controller in simulation
world. However, the parameter was not stable in real world.
Although one point of view of this failure is that walking
controller is not stable enough, essentially, the failure derive
from difference of body and environment model parameter
between real world and simulation world. If the model pa-
rameters are accurate, walking is possible without stabilizing
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control. There exist two important previous researches about
model identification. [30] minimizes error of sensor outputs
between real world and simulation world and identifies center
of gravity position of each link. [31] proposes an identi-
fication method of dynamics parameters using equation of
motion. Although [30] needs lots of computational time, the
approach can identify all parameters in simulation including
friction and ground slope. Further, the approach is easy to
use with our walking controller searched in simulation world.
Therefore, we use [30] approach. We use following model
error as objective of model identification:

Minimize

√
||q − q′||2 + ||p− p′||2 + ||r − r′||2

M(2N + 3)
(3)

q is all joint angles measured by rotational encoder in 100
Hz. p is all target joint angles. r is estimated value of root
link attitude. For the estimation of root link attitude, we use
[32] method by using acceleration sensor and gyro sensor
placed on pelvis link. q′,p′, r′ are simulated value of q,p, r.
N is total number of joints of robot. M is total number of
sampling of sensor values. r′ which is simulated root link
attitude is calculated by using the same algorithm [32] as
real world r. Because our walking controller described in
section III includes feedback term, target joint angles p is
generally different from simulated value q′. By using both
of target joint angles p and measured angles q, joint torque
affects the model identification because we use PD controller
for position control of robot and distance between target joint
angles and measured values determines electric current input
to actuator. Search parameters are shown in TABLE I-II. The
parameters include dynamics parameters of links and contact
parameters such as friction coefficient.

TABLE I
JOINT MODEL AND LINK MODEL PARAMETER

Description Range Dim
Total weight of link ±1 kg 1
Center of gravity in local frame ±0.1 m 3
Inertia Tensor around center of gravity ±0.01 kgm2 6
Relative position between parent joint ±0.001 m 3
Relative attitude between parameter joint ±0.1 deg 3
PD gain of position controller ±10 % 2
Rotary encoder offset ±0.5 deg 1
Total 19N

TABLE II
CONTACT MODEL AND SENSOR MODEL PARAMETER

Description Range Dim
Threshold of contact change ±15 N 1
PD gain to calculate contact force ±10 % 2
PD gain to calculate friction force ±10 % 2
Friction coefficient of contact ±0.4 1
Friction coefficient of passive joint ±0.005 1
Spring constant ±300 N/m 1
Acceleration sensor and gyro sensor offset ±0.5 deg 3
Slope of ground ±0.5 deg 2
Foot vertices for contact (8 points) ±0.005 m 24
Total 37

Search process changes the parameters and simulates to

minimize the model error (Eq. 3). Initial guess of link model
parameters are determined from CAD value, and initial guess
of contact model parameters are heuristically determined
by checking simulation result of standing posture. Search
algorithm is evolutionary one described in section III. We
achieved active walking and semi-passive walking by repeat-
ing model identification described in this section IV and walk
controller regeneration described in III. Results are show in
Fig. 7 for active walking and Fig. 8 for semi-passive walking.

Fig. 7. Errors of model identification about active walking experiment

Fig. 8. Errors of model identification about semi-passive walking experi-
ment

Model identification took 10 hours by using 7 parallel
computation. Walk controller regeneration was also 10 hours
and 7 parallel computation by using previous walk controller
as initial guess. Each number in the figures shows error
of model identification described as Eq. 3. The unit is
10−3 [radian]. Row of the figure separates model identifi-
cation, column separates regenerated walk controller. After
each model identification, new walk controller is generated.
Therefore, the figures look like lower triangular matrix. Top
row shows result without model identification and there is
one walk controller only. Second row from top shows 2
numbers. Left-end column is used as training data for model
identification and is highlighted in green. The number (Eq. 3)
is smaller than top row. Third row from top shows 3 numbers.
Left-end column and second left-end column are used as
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(a) Snapshot of semi-passive walking using the first walk controller.
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(b) Reference and measured hip roll joint angles.

Fig. 9. A result of model identification is shown. (a) Snapshot of walking
experiments, and (b) Hip roll joint angles reference and target. Upper side
of each figure shows actual result, and lower side shows simulated result
after model identification.

training data. In Fig. 7, number at third column and third row
is highlighted in red because our robot did not fall by using
the controller. After third row, walking experiment succeeds
by using regenerated walk controller. We can confirm that the
model error decreases in every model identification. We had
several similar experiments on active walking in addition to
the experiment shown in this paper, and we obtained similar
results. Fig. 8 shows result of semi-passive walking. 10 times
model identification is needed to detect 3 not-fall walking
controllers because semi-passive walking is unstable.

The identified model parameters are effective to simulate
similar results for a particular motion used as training data.
However, we assume that the parameters are not correct
for all motions. Actually, we confirmed that the identified
parameters of active walking and semi-passive walking were
largely different. By using the identified parameter at 5-
th row of active walking, we simulated the 10-th column
semi-passive walk controller. The model error (Eq. 3) was
259× 10−3 [radian]. It will be an important future work to
check whether or not the difference disappear if we have
more experiments.

Fig. 9 shows a partial result of model identification to
compare actual result and simulated result. Walk controller
is the first one of semi-passive walking (first column of Fig.

8). Fig. 9. (a) shows snapshot of walking experiment in real
world (Upper side) and in simulation world (Lower side).
Fig. 9. (b) shows reference and target hip roll joint angles.
The joint had the largest joint torque while walking. Actual
result and simulated result looks very similar.
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Fig. 10. Energy consumption of the last active walking (red) and semi-
passive walking (green).

Fig.10 shows energy consumption of 5-th active walking
and 10-th semi-passive walking in 6 seconds. Sum of energy
is 1428.75 [J] for active walking and 1312.23 [J] for semi-
passive walking. Because both hip pitch joints are always
passive and the joints consume no energy while semi-passive
walking, energy consumption of semi-passive walking is
smaller than that of active walking. However, CoT of semi-
passive walking is larger. Active walking moves 1.4 m and
CoT is 1428.75/(49.8kg× 9.8m/s2 × 1.4m) = 2.09. Semi-
passive walking moves 1.2 m and CoT is 1312.23/(49.8kg×
9.8m/s2 × 1.2m) = 2.24. Because simulated move distance
is 1.5 m, we believe more accurate model identification is
possible to reduce CoT.

V. SUMMARY AND CONCLUSION

We aimed at developing a robot which can do both of
active walking and semi-passive walking, and solved three
problems. First problem was design of leg equipped with
pin-clutch mechanism and spring. Although dog clutch is
a well-known mechanism, it is our contribution to show a
practical solution for low friction passive joint in compact leg
design. Second problem was walk controller to consider pas-
sive joint dynamics. We confirmed that evolutionary search
of SIMBICON controller parameters in dynamic simulator
was effective for the problem. Third problem was model
identification to achieve simulated motion in real world. We
identified not only dynamics parameter such as link weight
but also contact model parameter such as friction and slope
of ground. We assume that the effectiveness of our model
identification was strongly evaluated by achieving unstable
semi-passive walking in real world. This paper shows the first
achievement to develop a robot which can do both of active
walking and passive-based walking by one bipedal body.
The achievement makes passive-based walking technology
applicable to active-joint robots and has large effect on future
robot development.

A. Future works
In addition to active walking and semi-passive walking

shown in this paper, our robot can do two other types of
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walking; One is active-passive walking. Because knee joints
of our robot are equipped with clutch mechanisms, knee
joints could be switched between passive mode during swing
phase and active mode during stance phase. The other is
more underactuated walking by using brake. We assume that
not only underactuated active walking but also underactuated
semi-passive walking will be possible by our walk controller.
Actually, semi-passive walking shown in this paper uses only
10 (less than 12) active joints for both legs.
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