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ABSTRACT The moment a legged robot touches the ground, the tip of its toe can experience a significant
impact force. It is preferable to keep the landing impact force small because it causes imbalance and damage
to the frame, motors, gears, and other components of the robot legs. In this paper, we propose a control
method to mitigate the landing impact force by preliminary motion based on the proximity information of
the tiptoe before landing. A proximity sensor is mounted on the tiptoe to detect the ground before landing, and
feedback control is applied according to the sensor output to reduce the impact force. In landing experiments
using a one-legged robot equipped with a proximity sensor on a tiptoe, we evaluated the effects of changing
the sensor offset distance and the feedback gains on impact forcemitigation. The results show that the landing
impact force was mitigated by reducing the relative velocity of the tiptoe and the ground using the proposed
proximity feedback control.

INDEX TERMS Legged robot, proximity sensor, landing control, ground contact, impact mitigation.

I. INTRODUCTION
A legged robot alternates between touching the ground and
taking off on the tips of its toes while walking or running.
Since this movement method allows the robot to select and
move any discrete grounding points, the robot is expected to
exhibit high movement performance, especially on rough ter-
rain. Many research groups and companies have been devel-
oping legged robots for use at disaster sites and in human
environments [1]–[4].

Due to the characteristics of legged locomotion mentioned
above, the landing impact force is applied to every step on
tiptoes that collide with the ground during travel. The more
agile themovement (such as running, where the relative speed
of the collision between the tiptoe and the ground becomes
high), the more significant the impact force applied to the
robot. Because recent research on legged robots has focused
not only on quasi-static walking but also agile locomotion
such as running and jumping, aiming to improve travel speed
and mobility, it is necessary to manage the landing impact.
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Large impact forces can cause damage to the robot’s frame,
transmission mechanism, and joint actuators. In particular,
the small teeth of gears, commonly used as a reducer for
legged robots, are very fragile and easily broken by the
impact force. In addition, energy dissipation due to rigid body
collision between the tiptoe and the ground may waste the
limited electric energy of the robot [5]. The slight bounce
of the tiptoe due to the landing impact force causes slip-
page as the friction force between the tiptoe and the ground
decreases [6], [7]. For these reasons, mitigating the impact
force upon landing is essential for the safe operation of legged
robots.

Legged robots can land adaptively using passive or active
compliance in the legs. Physical springs and dampers in the
robot legs can provide compliance in the legs [8]. Most of
these components were inspired by the viscoelasticity around
muscle tissues in living animals [9]–[11]. There is also an
effort to design nonlinear springs and dampers on the tip-
toe mechanism to mitigate the landing impact [5]. Physical
springs and dampers in the leg allow robots to passively adapt
to momentary landing impacts without being affected by
the responsiveness of control computers or active actuators.
However, since these physical compliances affect various
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motions other than landing (such as walking, running, and
jumping), a stiffness design specialized for landing is not
always favorable for the motion performance of the legged
robot.

Impedance control is a well-known active control method
for adaptive gait [12]–[14]. Robot legs are actively controlled
to have the desired viscoelasticity according to the load
and desired movement. A cooperative control method for
human-robot interaction using both visual and force sensors
has also been proposed [15]. However, the use of force
sensors increases the total cost and weight of the robot.
In addition, the force sensor is vulnerable to impact due
to its measurement principle, and a large landing impact
force in dynamic motion causes sensor failure. Furthermore,
a quick response speed is required for sensors and actuators
to respond to momentary landing impacts. A series elastic
actuator [3], [16], [17] enables reasonable torque control
without a force sensor; however, the control bandwidth is
limited.

Using a quasi-direct drive actuator that combines a
large-capacity motor and a reducer with an extremely
low-reduction ratio allows for reasonable force control with-
out a special sensor because the effects of rotor inertia and
gear friction can be reduced [18]. In addition, the reflec-
tion inertia is reduced by adopting a low-reduction ratio
reducer, and the landing impact can be mitigated. Many
recent dynamic-legged robots have adopted this actuator con-
figuration, and soft landings have been achieved with propri-
oceptive force control [2], [19]–[21].

The impact mitigation methods introduced above become
actively or passively effective after landing according to the
impact of the tiptoe touching down. It is difficult to reduce
the impact force immediately after touchdown. To elim-
inate its effect on the legged robot, an impact mitiga-
tion method that is effective from the moment of landing
is required. One approach to achieving impact mitigation
at touchdown is introducing a pre-landing control before
ground contact to control the transition from non-contact to
contact.

To achieve pre-landing control, we introduced a proximity
sensor to the tiptoe of the robot leg to accurately detect
and control the transition from just before to after ground
contact. Then, we proposed a pre-landing control based on
the proximity information from the tiptoe sensor to mitigate
the impact force at landing. In this paper, an optical reflection-
type sensor capable of one-dimensional proximity sensing is
attached to the tiptoe of a one-legged robot as the first step
of introducing a proximity sensor to the tiptoe of the robot.
We focus on the non-monotonicity of the sensor output and
utilize its unique characteristics to the pre-landing feedback
control to mitigate the significant impact force. In the experi-
ments, we observed the landing impact force and behavior of
the vertically falling robot in which the proposed pre-landing
control was applied. The proposed control method for landing
impact mitigation was verified with experimental results with
different control parameter values.

The main contribution of this paper is to experimentally
show that the problems which cannot be managed by con-
ventional landing impact mitigation methods can be solved
by introducing pre-landing control, which is effective before
ground contact. In other words, we demonstrated that the
impact force applied at the moment of touchdown could be
mitigated by the proposed control method using tiptoe optical
proximity sensor feedback. The mitigation of the landing
impacts is an important issue for realizing dynamic loco-
motion in a legged robot. With our approach, a proximity
sensor that can directly detect the relative relationship with
the ground is introduced at the tiptoe to prepare for land-
ing quickly and reflexively only with local information, and
therefore it is possible to respond in agile movements of the
robot. The proposed method could be easily introduced into
other position-controlled legged robots in the future.

The rest of this paper is organized as follows. Section II
introduces related works and compares their contributions
to our work. Section III presents the proposed pre-landing
control method based on proximity information on tiptoe for
legged robot landing impact mitigation. Section IV intro-
duces a one-legged robot with a proximity sensor installed
on the tiptoe and is used for the landing experiment described
in Section V. Section VI presents the results and discussions
of landing experiments. The conclusions and future work are
provided in Section VII.

II. RELATED WORK
In this section, we introduce related works about pre-landing
control for a legged robot to mitigate landing impact and the
use of proximity sensors for robot control. Then, we explain
the advantages of our approach to solve the problem of legged
robot landing.

A. PRE-LANDING CONTROL
The tiptoe trajectory of the swing leg, which was
pre-designed so that the relative velocity between the tiptoe
and the ground becomes zero at themoment of ground contact
to mitigate the landing impact force, was used for several
position-controlled legged robots [22], [23].

To pre-design tiptoe trajectory as in these studies, the
terminal coordinates of the trajectory, i.e., the contact posi-
tion of the tiptoe with the environment, should be planned
in advance. In other words, ground surface information is
required to place tiptoes in an arbitrary position on uneven or
deformable terrain. Vision sensors, one of which is usually
mounted on the head or torso of the robot, are often used
to detect the ground surface on the walking robot path. The
relative distance and velocity between the ground and the
robot’s coordinate system are estimated based on the ground
surface information detected by the vision sensor and the
robot state measured by internal sensors such as an inertial
measurement unit (IMU) and joint encoders. However, the
use of visual sensors can lead to occlusion of the ground
surface by parts of the robot itself. Modeling and state mea-
surement errors can cause significant landing impact forces
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when using pre-designed orbits that require rigor in contact
position and contact time. In addition, image processing is
generally time-consuming, resulting in a long update cycle,
which makes it difficult to apply to dynamic motion.

Several landing impact mitigation controls have been pro-
posed that are robust to terrain information errors and errors
in the robot’s own state estimation. In [24], landing control for
the landing phase of vertical jumping was proposed, in which
both landing impact mitigation immediately at the moment
of ground contact and posture recovery after landing were
considered. To reduce the landing impact, the tiptoe velocity
is controlled before landing in the air so that the relative
velocity between the feet and the ground is close to 0m/s at
touchdown. The touchdown time and velocity of the robot’s
center of gravity (CoG) at the ground contact are estimated
based on the CoG velocity at the take-off of the jumping
motion, which may contain some errors. Nevertheless, even
with some estimation error, it was possible to land without
excessive impact force due to the pre-landing control. After
landing, the robot was able to converge to an equilibrium pos-
ture quickly by switching to motion control, which reduced
the ground reaction force (GRF).

In [25], a framework for switching between swing leg
control and support leg control was proposed to absorb the
landing impact. By applying compliance adjustment based
on fuzzy control to the swing leg that follows the trajectory
planned by the preview control, a large landing impact force
was avoided even with errors in the landing time or ground
contact position. A humanoid walking on uneven terrain
using this control strategy was demonstrated in simulation.

These methods can be expected to be robust to some
degree of state estimation error at landing. However, there is
a limitation in the applicability of indirect estimation of the
tiptoe-to-ground relative relation based on the pre-detected
information, and this cannot be used for more dynamic
motions. The method that requires control switching in the
swing and stance phases is undesirable where an unexpected
instantaneous collision can be expected.

B. ROBOT CONTROL USING PROXIMITY SENSOR
FEEDBACK
Proximity sensors can detect objects within several hundred
millimeters from the sensor surface. Since most proximity
sensors are designed to be small and lightweight, they can be
mounted in narrow spaces or on uneven surfaces such as the
fingertips and the arm surface of the robot [26]. In the same
way, proximity sensors can be easily attached to tiptoes in
direct contact with the ground. In other words, no occlusion
can occur because there can be no obstruction between the
sensor and the ground; additionally, estimation error due to
modeling errors could not occur. Because the response time
of this type of sensor is much shorter than that of a vision
sensor, the response delay can be less of a problem even
when fast sampling is required for dynamic motion control.
In addition, because the sensor can detect the ground

FIGURE 1. Desirable landing performance of legged robot.

without non-contacting it, there is no risk of breaking the
tiptoe-attached sensor by the landing impact force.

For example, in robot control based on proximity percep-
tion information, avoidance of collisions with objects and
humans [27], [28] and robotic grasp control strategies for
accurate object grasping [29], [30] have been studied.

In [31], a control method for a non-contact-to-contact tran-
sition of a robot arm utilizing proximity sensor output as
a virtual force was proposed. By controlling the emission
energy of the optical reflective sensor, the virtual force is
adjusted so that the robot arm makes contact with the object
using the desired contact force. Experiments using a one-
degree-of-freedom robot arm demonstrated that the robot
could smoothly transition between non-contact and contact
without switching the control strategy.

On the other hand, few studies have introduced proximity
sensors to the tiptoe of legged robots. Reference [32] is one of
the few examples in which proximity sensors were installed
on the soles of a humanoid robot; however, foot proximity
information was only used to detect the landing state. To the
best of our knowledge, there is no example of landing impact
force mitigation using a proximity sensor on the tiptoe of a
legged robot aiming to achieve dynamic motion.

C. OUR PROPOSED METHOD
In our proposed method, the landing impact force is miti-
gated by introducing a pre-landing motion based on prox-
imity information to the active compliance-controlled swing
leg from the non-contact state before landing. Since the
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proximity sensor can directly and quickly detect the local
environment-foot relative state without contact, it is effective
even for more dynamic motions than in previous works.
For pre-landing control, the virtual reaction force based on
the proximity sensor output used in [31] can be introduced
into robot control in an integrated manner with compliance
control. The seamless control framework from non-ground-
contact to ground-contact does not require strict landing tim-
ing and precise landing positions and can cope with unex-
pected collisions in more dynamic-legged locomotion.

III. PRE-LANDING CONTROL FOR LANDING IMPACT
MITIGATION
The goal of this study is to achieve a desirable landing by
mitigating the impact force immediately after landing due to
the pre-movement of the landing, as shown in Fig. 1. In this
section, we first consider the ideal landingmotion of the robot
to mitigate the impact force. Then, we outline a method for
realizing the ideal landing motion by using a proximity sen-
sor on a tiptoe. After that, the proposed pre-landing motion
control is explained by using the equations of motion of the
robot.

A. DESIRABLE LANDING PERFORMANCE
We focus on a series of free-fall motions of a legged robot
from the air. As described in [24], it is desirable for the
landing motion to mitigate the impact force at the time of
landing and then quickly converge to an equilibrium posture.
To illustrate the points of interest of the landing motion,
we divide the series of free-fall-landing motions into two
phases based on the characteristics of the typical landingGRF
profile [6] shown in the lower part of Fig. 1: the phase in
which the impact force occurs immediately after landing (P1)
and the phase in which the robot is stationary in the equilib-
rium posture after landing (P2).
The impact force FI immediately after landing in P1

depends on the velocity between the colliding objects.
To reduce FI , the relative velocity between the tiptoe and
the ground, ḋ , should be close to zero just before landing,
as shown in the upper graph of Fig. 1. This can be achieved by
contracting the leg length zt relative to the free-falling torso.
A negative tiptoe force Fout before the tiptoe collides with the
ground, as shown in the middle graph of Fig. 1, will bring ḋ
closer to 0m/s, thus reducing the impact force, where Fout is
defined as positive in the direction of the leg extension.

The GRF in P2 mainly slows down the falling motion of
the torso and makes the robot stand still. Even if the impact
force FI can be reduced in P1, the maximum GRF Fmax in
P2 should not be excessive because it causes an increase in
the load on the actuators and frames and excessive posture
fluctuations. To effectively decelerate the falling motion of
the torso and prevent excessiveGRF after landing, it is desired
that Fout should be equal to or greater than 0 at ground
contact.

If the landing controller is independent of the robot’s
motion control (e.g., trajectory-following position control),

then it is necessary to switch the control scheme before and
after landing, leading to an increase in control cost. If the
landing control can be integrated into the main motion con-
troller, then the increase in the control cost can be avoided.

In the free-falling motion dealt with in this paper, joint
position control at a constant target angle was applied during
the entire motion. In other words, in this case of the problem
setting, the landing control requirement after touchdown is to
reduce the error 1zt,e = zt,e − zt,des, where zt,e is the actual
leg length when the robot comes to rest in the equilibrium
posture (hereafter called the ‘‘equilibrium posture’’), and
zt,des is the desired leg length.

We summarize the requirement for landing control for the
ideal landing motion of the legged robot targeted in this paper
as follows:

(A) Reduction of the impact force (FI ) at touchdown.
(B) Reduction the maximum GRF (Fmax) after landing.
(C) Reduction of posture deviation after landing (|1zt,e|).

B. PROXIMITY SENSOR FOR PRE-LANDING CONTROL
To detect the relative relationship between the tiptoe and the
ground prior to landing, it is desirable to have a sensor that
is small enough to be attached directly to the tiptoe, has
high accuracy, and has a high sampling rate. Visual sensors
such as cameras and LiDAR have problems with occlusion,
high measurement error, and low sample rate. A proximity
sensor is promising as one of the sensors that can solve these
problems.

An optical reflective proximity sensor is generally compact
and easy to mount on the tiptoe. This type of sensor consists
of a light-emitting element and a light-receiving element that
are generally placed next to each other so that their optical
axes are parallel. Here, we assume that the object surface
(the ground in the case of legged robots) is large enough
for the sensor and that the reflectance rate is uniform and
constant. The tiptoe-attached optical reflective sensor can
detect the approach of the tiptoe and the ground under non-
contact condition. The sensor output s ∈ [0 1] varies nonlin-
early with the distance between the sensing surface and the
object surface (d + do), as illustrated in the bottom graphs
in Fig. 2, where d is the distance from the ground to the
tiptoe contact point and do is the offset distance from the
sensor surface to the tiptoe contact point. The sensor output
increases as the tiptoe approaches to the ground and becomes
extremely small in the closest approach. Namely, the sensor
output, which is photocurrent, become larger the closer the
distance between the object and the sensing surface is. The
maximum output is obtained when the distance is equal to
the focal length. The output suddenly decreases when the
distance is shorter than the focal length. On the other hand,
the ideal tiptoe force Fout during P1 explained in the previous
section is characterized by exerting a leg contraction force
before landing and becomes zero at touchdown. Taking into
account these characteristics, the output is very similar to the
sign-inverted desirable foot force Fout in Fig. 1.
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FIGURE 2. Basic idea of landing impact force mitigation control using
proximity information of tiptoe.

FIGURE 3. One-legged robot with optical reflective sensor on tiptoe.

In general, to make the relationship between the output and
distance unique, it is common to set do to a value greater than
or equal to the focal length to ensure that only the sensor
output above the focal length is used. In contrast, in our
study, we focus on the similarity of the non-monotonicity
between the ideal tiptoe force profile and the sensor output
characteristics, including those below the focal length, and
utilize the sensor output for pre-landing control of the robot.

C. PRE-LANDING CONTROL BASED ON PROXIMITY
FEEDBACK
Figure 2 shows a conceptual diagram of the pre-landing
control using the proximity sensor output.We realize the ideal
change in toe force with a simple control law regarding the
nonlinear output of the proximity sensor as the elastic force of
a virtual spring. When the sensing surface and the ground are
closest to each other in a tiptoe-contact state, the proximity
sensor’s output becomes very small, i.e., the elastic force
of the virtual spring becomes small and does not affect the
position controller.

In the rest of this section, we explain the proposed
pre-landing control using a one-legged robot model.
Figure 3(a) shows a schematic diagram of the one-legged
robot used in the experiments. The robot is designed based on
the skeletal structure of a hind limb of a small mammal and
consists of hip, knee, and ankle joints. As shown in Fig. 3(b),
a pantograph structure is used between the knee and ankle.
Through this pantograph mechanism, the knee driving torque
generated by the knee motor is transmitted to the ankle, and
the ankle does not have its individual drive motor.

In the experiments, we constrained the robot’s torso
to vertical motion to consider only vertical movement of
the robot in the sagittal plane in this paper to avoid
complications. Thus, the following equation of motion
of the robot is derived using the generalized coordinates
q : = [x, z, φ, θ>]>, where (x, z) represents the positions
of CoG in the world frame, φ represents the pitch orientation
angle of the torso and θ : = [θh, θk ]> represents the hip and
knee joint angles:

Hq̈ + D + G =
[
0
τ

]
+

[
J l
Jg

]> [
fl
f g

]
, (1)

where H(q) ∈ R5×5 is the inertia matrix, D(q, q̇) ∈ R5 is the
nonlinear term including the centrifugal force, Coriolis force,
and friction force, G(q) ∈ R5 is the gravity term, τ ∈ R2 is
the driving torque vector, fl is the horizontal reaction force
applied to the robot’s torso from the vertical linear guide,
f g = [fx , fz]> is the ground reaction force vector applied to
the tiptoe, and J l(q) ∈ R1×5 and Jg(q) ∈ R2×5 are the Jacobi
matrices of the horizontal coordinates of the guide fixture and
tiptoe coordinates with respect to the robot center of gravity,
respectively. f g = 0 is satisfied when the robot is in the aerial
phase.

Joint angle-based proportional-derivative (PD) control is
a typical position control method for legged robots. The
feedback torque τ pd ∈ R2 by the PD controller is obtained as
follows:

τ pd = Kp (θdes − θ)− Kd θ̇ , (2)

where θdes ∈ R2 is the desired joint angle vector, and Kp
and Kd ∈ R2×2 are diagonal matrices with proportional
and differential gains corresponding to the joint stiffness and
viscosity, respectively. When Kp is large, the joint angle
deviation due to disturbance can be small; however, a large toe
reaction force is likely to be generated due to the displacement
caused by landing. In contrast, when Kp is small, the leg
compliance becomes high and the reaction force at landing
may be reduced; however, the steady-state deviation of the
joint angle tends to be large.

In this study, we apply the above explained proximity feed-
back control to the position PD-controlled legged robot. The
proximity virtual force Fs corresponding to the magnitude of
the sensor output s is provided as follows:

Fs = −Kssη, (3)
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TABLE 1. Specifications for one-legged robot.

whereKs is the scale coefficient for the sensor output, and η is
the unit normal vector of the detection surface. Fs is positive
in the direction of leg extension. Equation (3) represents the
elastic force due to a virtual spring with nonlinear character-
istics between the tiptoe and the ground, as shown in Fig. 2.
Thus, this force corresponds to a proximity virtual force that
acts to contract the leg according to the distance between the
tiptoe and the ground. Feedback torque is applied to each joint
so that the robot acts as if the virtual force acts on the tiptoe.

The position of the tiptoe with respect to the coordinate
system O1 fixed on the hip of the robot body is calculated as[

xt
zt

]
=

[
(L1 + L3) Sh + L2Shk
− (L1 + L3)Ch − L2Chk

]
, (4)

where Sh = sin θh, Shk = sin (θh − θk), Ch = cos θh,
and Chk = cos (θh − θk). The Jacobi matrix of tiptoe Jh is
obtained as

Jh =
[
(L1 + L3)Ch + L2Chk − L2Chk
(L1 + L3) Sh + L2Shk − L2Shk

]
. (5)

Thus, the proximity feedback torque to each joint, τ s, is cal-
culated as follows:

τ s = Jh(θ )>Fs. (6)

The sum of (2) and (6) is used as the system’s control input
torque τ .

τ = τ pd + τ s. (7)

The scale coefficient of the sensor output Ks and the sensor
offset distance do are design parameters that determine the
characteristics of the proximity virtual force Fs.

IV. ONE-LEGGED ROBOT WITH PROXIMITY
SENSOR ON TIPTOE
The one-legged robot shown in Fig. 3(b) was developed to
verify the feasibility of the proposed pre-landing control for
landing impact mitigation. The specifications of the robot are
listed in Table 1.

A permanent magnet synchronous motor, RoboDrive
ILM38x06 (TQ-Systems GmbH), is used as the drive motor

FIGURE 4. Controller and measurement system.

for the hip and knee joints of the robot leg. The drive torque
for the hip is delivered from a motor mounted on the torso
through timing belt-pulley transmission with a reduction ratio
of 3. The knee motor is mounted on the same axis as the
hip, which has a planetary gear reducer with a reduction
ratio of 4.5, and transmitted to the knee joint axis through
a parallel linkage mechanism. Reducers used on both drive
joints have ultra-low reduction ratios and can be robust to
impact forces due to low reflected inertia and low friction
loss. This quasi-direct drive actuator configuration has high
mechanical transparency and makes it possible to use good
torque control capability by detecting motor current con-
sumption [18]. The pantograph mechanism between the knee
and ankle eliminates the need for an independent actuator
for the ankle drive. Due to this structure, the legs can be
lightweight, and most of the masses are concentrated at the
root of the leg, resulting in a low-inertia robot leg. Most of
the robot frames are made of duralumin, which is lightweight
and strong.

An optical reflective sensor, RPR-220 (ROHM Co., Ltd.),
a commercially available sensor packaged with infrared
LEDs and photo-transistors, was adopted as a proximity sen-
sor and introduced on the robot’s tiptoe. The sensor is fixed to
the foot link to face the ground in desired landing posture θdes.
The foot linkage surface around the sensor is covered with
a black sheet to prevent multiple reflections. The sensor is
attached to a sensor attachment, and the sensor offset distance
do can easily be adjusted by changing the attachment.
The control system configuration and experimental system

are illustrated in Fig. 4. Real-time control with a control
frequency of 1 kHz was executed in a main computer. The
output of the proximity sensor was measured with an AD
converter (12-bit resolution) on the MCU mounted near the
tiptoe. The mean value of five samples of the sensor output
acquired in one control loop was sent to the main computer
for feedback control. The target torque τ ref calculated based
on the sensor output and the joint angle error was sent to each
motor driver as a current command Iref derived by Iref =
τ ref /KT , where KT is the torque constant and was controlled
at a control frequency of 4 kHz in the driver. The rotation
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TABLE 2. Experimental conditions.

angle, which is measured by the encoder (12-bit resolution)
attached to the motor, and the motor current consumption
were available from the driver. The main computer, motor
driver, and power supply were located off-board.

V. LANDING EXPERIMENTS
Using the one-legged robot mentioned above, we performed
landing experiments to verify the feasibility of the proposed
pre-landing control based on tiptoe proximity information.
To verify the pure effect of the proposed control on the
vertical direction as the first step of this study, the motion
of the robot torso was constrained only to vertical translation
in the sagittal plane by a vertical linear guide, as illustrated
in Fig. 4. In the experiments, the joint PD control of (2)
was applied at a constant desired angle θh,des = 29 deg
for the hip and θk,des = 86 deg for the knee. θdes was
determined so that the virtual leg length axis was vertical
in the desired posture. In this posture, the GRF produced
for a vertically dropped robot acts in the almost vertical
direction at the landing, and the robot is unlikely to reflect
except in the vertical direction, making it easy to observe its
landing behavior. We dropped the PD-controlled leg from a
height where its tiptoe was 0.15m above the landing surface.
A force sensor (ATI-Gamma, ATI Industrial Automation) was
installed under the landing surface, and an AD converter
(16-bit resolution) of a DAQ system (USB-6221, National
Instruments Corp.) was used to measure and record the GRF
of the robot at 32 000 samples/s. The robot controller and
GRF measurement system were synchronized using a syn-
chronization signal. The GRF measured by the force sen-
sor was only used for evaluation and not for robot control.
A black 3-mm-thick rubber sheet was placed on the landing
surface.

In the experiment, we analyzed the effects on the land-
ing motion of the four parameters: the virtual stiffness and
viscosity of robot joints Kp and Kd , respectively, the scale
coefficient of the proximity feedback Ks, and the offset dis-
tance between the toe contact point and the sensor detection
surface do. The parameter ranges are summarized in Table 2.
In the experiments, we prepared two combinations of high-

gain mode and low-gain mode for the joint PD control gain
used for both the hip and knee. These values were determined
so that the robot was not seriously damaged during landing.
We prepared a total of 13 scale coefficients Ks for the sensor
output in 2N increments.Ks = 0 indicates no proximity feed-
back is applied. Three offset distances between the sensing

surface and the contact point were used: do = 8mm, which
corresponds to the focal length of the sensor; do = 3mm,
which is the distance where the output at tiptoe contact is
approximately half of the maximum output; and do = 1mm,
which is the minimum distance where the sensor package
does not contact the ground at tiptoe contact.

With these different parameter combinations, we per-
formed 10 experiments for each combination and recorded
the proximity sensor output, joint angles, actuator current
consumption, and vertical GRF. The behavior of the robot
was recorded by a 600-fps high-speed camera.

VI. RESULTS AND DISCUSSIONS
A. EXPERIMENTAL RESULTS
A series of snapshots of the landing tiptoe under two different
parameter combinations are shown in Fig. 5 as examples of
the experiments. The time in the figure is adjusted so that the
tiptoe contacts the ground at 0 s. In Fig. 5(a), the proximity
feedback does not work because Ks = 0, which means that
it shows a landing motion by a legged robot with only joint
PD control applied. Figure 5(b) shows a landing motion by a
legged robot with the proximity virtual force applied. From
these snapshots, it can be seen that the proximity sensor feed-
back causes the leg to contract in advance just before landing.
This contraction reduces the relative velocity between the
tiptoe and the ground just before landing.

Several results of the landing experiments under different
parameter combinations are shown in Figs. 6 and 7. Due
to space limitations, we extracted the results necessary for
a comparative analysis. These graphs show the proximity
sensor output s, vertical GRF fz, and joint angle errors 1θ =
θdes−θ for 0.35 seconds before and after contact.We regarded
the rise of the GRF fz as the touchdown time and set it to
tc = 0. The solid line in the graph shows the mean value and
the colored area shows the max-min range of the 10 trials.
Figures 6 a-1, b-1, and c-1 show the results of the high-gain
mode, while a-2, b-2, and c-2 show the results of the low-
gain mode. The differences in results due to PD controller
gain values are particularly evident in the GRF profile and
the joint angle displacement in P2. Figure 7 shows the results
under the high-gain mode for different Ks and do. Comparing
the sensor output s, a difference can be observed just before
landing depending on the offset distance do. In addition, there
is a difference in the magnitude of s after landing in different
do. The knee joint flexed due to the GRF in all experiments,
while the angular displacement and flexion speed differed
depending on the conditions.

We use the following four evaluation values in this paper:
the landing initial peak impact force FI ; the maximum ver-
tical GRF Fmax ; vertical velocity of tiptoe at the moment of
landing vc; and the time when tiptoe force Fout to be zero
or greater 1TX . vc is calculated by the following equation,
assuming that the inertia of the leg is small and does not affect
the motion of the robot’s CoG:

vc = −
(
2 g

(
hini +1zt,c

)) 1
2 + żt,c, (8)
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FIGURE 5. Snapshots of landing experiments.

FIGURE 6. Comparison between results in high-gain mode and low-gain mode.

where g is the gravitational acceleration, hini is the initial
tiptoe height (0.15m), 1zt,c = zt,c − zt,des is the error
of the actual vertical tiptoe position (zt,c) from the desired
position (zt,des) in the landing position, and żt,c is the vertical
tiptoe velocity in the O1 coordinate system at the moment of
ground contact as obtained by the time differentiation of (4).
vc corresponds to ḋ(tc) in Fig. 1. The tiptoe output force in
the direction of the leg length axis is obtained as follows:

Fout = Fpd + Fv (9)

= τ>J−1h η, (10)

where Fpd and Fv are tiptoe output forces on the leg length
axis due to the joint PD control torque τ pd and the proximity
sensor feedback torque τ s, respectively. Fout , Fpd , and Fv are
positive in the direction of leg extension. From (3), Fv < 0 is

satisfied ifKs 6= 0 under s > 0.1TX is defined as the elapsed
time from the landing to the positive Fout generated; i.e., Fpd
exceeds−Fv due to the large angular displacement.1TX can
be negative if Fpd > −Fv is satisfied before landing; e.g.,
when do is shorter than the focal length, the sensor output
s suddenly decreases when the tiptoe comes closest to the
ground, and thus −Fv drops below Fpd .
Figure 8 summarizes the four evaluation values explained

above as obtained using the experimental result in each
parameter combination. The error bars in the graphs indi-
cate the max-min range for 10 trials. Regardless of the joint
PD control gain magnitude, the closer the tiptoe velocity vc is
to 0, the smaller FI is. Under the high-gain mode, the landing
impact force FI decreases monotonically as Ks increases,
independent of the proximity sensor offset distance do. Under
the low-gain mode, FI meets its minimum value when
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FIGURE 7. Comparison between results with different Ks and do.

FIGURE 8. Results of landing experiment.
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TABLE 3. Evaluation of best result.

Ks = 12N for do = 1mm, Ks = 14N for do = 3mm, and
Ks = 18N for do = 8mm. Furthermore, 1TX is close to 0
at KI , where FI takes the minimum value. In other words, the
minimum contact force is obtained when the ground contact
occurs in Fout = 0 due to the leg extension force by the joint
PD controller and the leg contraction force by the proximity
virtual force being in opposition. The maximum GRF, Fmax ,
tends to be approximately the same or lower under the high-
gain mode than under the low-gain mode. Under the low-gain
mode, Fmax takes a minimum value at a relatively small value
of Ks = 6 or 8 and tends to increase at larger Ks.

B. DISCUSSIONS
Given the ideal landing requirements described in Section III,
we evaluate the landing test results from the following evalu-
ation items:
1) The magnitude of the impact force at touchdown: FI .
2) Maximum vertical GRF after landing: Fmax .
3) Posture error in equilibrium posture: |1zt,e|.

We adopted te = 0.45 s as the time when the landing motion
was complete and the robot rested at equilibrium posture.
1zt,e is obtained from θdes and θ at t = te using (4) and rep-
resents the hip height error. We define an evaluation index ε
that comprehensively evaluates them as follows:

ε =
E(FI )+ E(Fmax)+ E(|1zt,e|)

3
, (11)

where function E is defined as follows:

E(α) =
α −min (α)

max (α)−min (α)
. (12)

Equation (11) represents the sum of each evaluation item
that is normalized in the measured range (0 ≤ E ≤ 1).
Consequently, 0 ≤ ε ≤ 1 holds. This means that a landing
motion with a smaller ε is closer to the ideal landing motion.
ε in all combinations is summarized in Fig. 9. The smallest

ε was obtained under high-gain mode, Ks = 24N, and
do = 1mm (hereafter called ‘‘BEST’’). Here, we deter-
mine the landing result under high-gain mode, Ks = 0N,
do = 8mm (shown in Fig. 7 j), in which the proximity
sensor feedback was not used, as a baseline. The evaluation
indices obtained by BEST and baseline are listed in Table 3.
Compared to the result of the baseline, the impact force FI
just after ground contact by BEST was reduced to 42%, and

themaximum vertical GRFFmax was reduced to 64%. |1zt,e|
increased by 0.01m, but this is negligibly small compared
to the leg length in the desired posture (zt,des = 0.186m).
From the above results, it can be concluded that the proposed
pre-landing control based on the proximity information on
tiptoes is effective for landing legged robots.

Next, we discuss the effect of each parameter on the land-
ing motion.

1) JOINT PD CONTROLLER GAINS Kp AND Kd
From Fig. 9, it can be seen that ε under the high-gain mode
is equal to or smaller than that under the low-gain mode in
most cases. As shown in Fig. 6, because the joint stiffness is
high under the high-gain mode, the impact force at the ground
contact is inevitably greater. Under the low-gain mode, the
landing impact FI is minimized when 1TX ≈ 0, as shown
in Fig. 8, which is in accordance with the hypothesis of
landing impact mitigation explained in Section III. On the
other hand, the GRF after landing tends to be larger under the
low-gain mode. The maximum value of GRF Fmax is larger
under the low-gain mode in most case, and the difference is
significant for larger Ks values. The graph of joint angular
displacement1θ in Fig. 6 shows that the knee angle reached
the flexion limit under the low-gain mode. This indicates that
the leg contraction due to the fall of the torso after touchdown
could not be sufficiently decelerated because of the low joint
stiffness and damping, the upper and lower links around the
knee collided with each other at the flexion limit, and this
collision caused a large Fmax . In the case of a legged robot
landing where the load changes immediately before and after
landing, achieving the desired low-impulse landing only by
joint compliance control with a constant gain is challenging.

2) PROXIMITY VIRTUAL FORCE COEFFICIENT Ks

As shown in Fig. 9, the change tendency of ε is similar
under all conditions when Ks ≤ 8N, but the tendency differs
depending on the condition in large Ks. For example, from
Figs. 7 f, g, h, and i (with do = 3mm), it can be seen that FI
can be reduced by introducing proximity feedback compared
to that when Ks = 0, which is without proximity feedback.
The larger Ks involves the larger virtual force Fv, which
increases in response to the proximity sensor output s, and
the leg contraction in the pre-landing motion becomes larger.
As shown in Fig. 8, the relative velocity between the tiptoe
and the ground vc can be brought close to zero, as explained
in Section III, resulting in landing impact mitigation. The
leg contraction prior to touchdown also has the advantage
of securing sufficient clearance between the tiptoe and the
ground just before touchdown, which allows for a longer
control time before landing. However, note that if Ks is too
large, then the leg contracts too much before landing, and the
fall speed of the torso after landing could not sufficiently be
decelerated. In the case of do = 3, 8mm, where the sensor
output s is medium or high even in the tiptoe-contact state
after landing, |1zt,e| is large because it involves a large joint
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FIGURE 9. Evaluation of landing performance.

angular displacement and fluctuation to obtain Fout that is
balanced by the body weight (Figs. 8(b) and (c)).

3) OFFSET DISTANCE do

As shown in Fig. 9, ε is relatively high for any Ks with
do = 8mm. The magnitude of the landing impact force FI is
not significantly affected by do values. In the case where the
offset distance is equal to the focal length, do = 8mm, the
sensor output s is maximized in the tiptoe-contact state, and a
large virtual force Fv always acts on the tiptoe. The large Fv
madeFout smaller while standing, and therewas not sufficient
force to support its own weight. As a result, the large steady
deviation |1zt,e| causes a large ε. For the same reason, ε does
not decrease when Ks ≥ 10N with do = 3mm. In contrast,
when do = 1mm, the robot was able to reach an equilibrium
posture close to the desired posture after landing because the
sensor output s in the tiptoe-contact state was sufficiently
small. This result indicates that using our proposed control,
it is not necessary to switch the joint angle-based position
control before and after landing.

Thus, a proximity sensor that can acquire proximity infor-
mation before touchdown and has an output characteristic
where the output is small in the tiptoe-contact state is suitable
for legged robot pre-landing control. This conclusion is con-
sistent with the assumptions in Section III, and we achieved
landing impact mitigation and posture deviation reduction
without switching between landing control and position con-
trol before and after landing using pre-landing control based
on optical reflective sensor feedback. By introducing a prox-
imity sensor on a tiptoe that comes into contact with the
environment, the relative relationship between them can be
obtained directly and is not affected by occlusion or modeling
errors. In other words, feedback control is not affected by
any sensor errors or sampling rates used for pose estimation
and can be performed using only local information. The
quick and precise local relative state sensing ability of the
proximity sensor is effective for the challenging problem
of landing impact mitigation. The proposed method has the
potential to reflexively adapt to sloping ground, unexpected
disturbances and the ground environmental changes before
colliding. On the other hand, when landing on the ground
with low light reflectance or in an environment where strong

sunlight shines, the current prototype system may misrec-
ognize the ground and eventually fail to land. These can be
improved by designing a tiptoe proximity sensor available for
the practical usage environment of a legged robot.

VII. CONCLUSION
We proposed a pre-landing control method based on tiptoe
proximity information for a legged robot. The proposed con-
trol utilizes the non-monotonic proximity sensor output and
feeds it back as a proximity virtual force on tiptoe. The control
framework can be easily integrated into the existing motion
control because it does not affect the robot motion control
during the tiptoe-contact state. Through drop experiments
from a certain height with the robot applying the proposed
pre-landing control, it is shown that the landing impact force
can be mitigated. This approach can be expected to be effec-
tive even when used in a legged robot with more than a dozen
joints because the proposed control method is only based on
the relative information with the ground without involving
occlusion and modeling error. The proposed method is also
effective for dynamic movements such as landing after jump-
ing from/to a high place due to the high-speed response of the
proximity sensor.

In future work, we will design a tiptoe proximity sensor
that can be used in various ground conditions and environ-
ments where a legged robot is practically used. Moreover,
we will design control parameters to negotiate conditions
where the approach speed and acceleration at landing are
different. Then, we will apply this control scheme to a
dynamic-legged robot that we are currently developing and
perform some experiments, including a series of dynamic
motions from high jumps to quiet landings.
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