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Smoothly Connected Preemptive Impact Reduction
and Contact Impedance Control

Hikaru Arita

Abstract—This article proposes novel control methods that lower
impact force by preemptive movement and smooth transition to
conventional contact-based impedance control. These techniques
are suggested for application in force-control-based robots and
position/velocity-control-based robots. Strong impact forces have
a negative influence on multiple robotic tasks. Recently, preemp-
tive impact reduction techniques that expand conventional contact
impedance control using proximity sensors have been examined.
However, a seamless transition from impact reduction to contact
impedance control has yet to be demonstrated. It has, therefore,
been necessary to switch control strategies or perform complicated
parameter tuning. In contrast, our proposed methods utilize a serial
combined impedance control framework to solve these problems.
The preemptive impact reduction feature can be added to an
already-implemented impedance controller because the parameter
design is divided into impact reduction and contact impedance
control. There is no discontinuity or abrupt alteration in the
contact force, nor are there any excessively large contact forces
that exceed the intended repulsive force established by the contact
impedance control during the transition. Furthermore, although
the preemptive impact reduction uses a crude optical proximity
sensor, the influence of reflectance is minimized by employing a
virtual viscous force. Analyses and real-world experiments with a
1-D mass model confirm these features, which are useful for many
robots performing contact tasks.

Index Terms—Contact transition, impact reduction, optical
proximity sensor, sensor-based reactive control.

I. INTRODUCTION
A. Background

HE majority of robots manage transitions between contact
T and noncontact states. Touching a robot hand to an object,
landing or takeoff of legged or aerial robots, and collisions
between a human or an environment and cooperative or mobile
robots are examples of such transitions. However, handling these
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transitions is known to be one of the challenging problems
in robotics. Its difficulties can be classified into two topics. One
is that the physical constraint changes dramatically during the
transition, i.e., the robot’s equation of motion is switched. This
phenomenon may make the robot go out of control. The second
is that an impact force is generated during the noncontact-to-
contact transition. Usually, this impact force is significantly large
and, thus, dangerous. It may, for example, cause the robot and
the environment to be damaged, cause a robot’s hand to fail to
grasp, induce a flick, knock a legged robot down, and destabilize
the robot control.

Typical conventional impact reduction methods use soft ma-
terials or force control, with soft materials being the standard
approach [1], [2], [3]. Because of their flexibility, soft materials
can absorb impact. However, a massive absorbed force may
cause a robot to oscillate. Moreover, flexibility complicates
accurate control, as mentioned in [4]. Despite active research
in the field of soft robotics, these are difficult problems without
established solutions.

Force control has long been studied and is well known. In par-
ticular, impedance control is practically used for manipulation,
locomotion, and many other tasks [5], [6], [7], [8], [9], [10].
Impedance control can reduce impact by setting parameters to
make the desired impedance soft, and it can also perform dex-
terous tasks by making the desired impedance hard. However,
the efficacy of impact reduction through force control is limited
due to the finite response speed. In other words, the reduction
method fails to execute fast enough for impulsive forces with a
frequency higher than the response frequency.

Preemptive impact reduction methods have recently been
developed [11], [12]. These methods use proximity sensors
mounted near the contact area and are based on impedance
control. The proximity sensors are short-range external sensors.
Compared to other types, optical proximity sensors have small
sizes and fast responses [13]. They are often attached to feet in
these methods; moreover, the outputs are used to calculate virtual
forces that serve as impedance control inputs. The virtual force
input alleviates the problems mentioned above with classical
impedance control and achieves high effects for impact reduc-
tion. In these methods, however, an impedance control strategy
works for both impact reduction and contact force control, i.e.,
these tasks interfere with each other. Consequently, selecting
parameters that consider overall performance [11] or switching
between virtual and contact forces [12] is needed. The former
introduces a tradeoff between impact reduction and contact force
control performances, and the latter destabilizes the system as
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with other switching methods. The above transition between
proximity and contact is listed in [13] as one of the problems
garnering attention in the proximity perception field.

This study proposes novel control methods that perform pre-
emptive impact reduction and contact force control. The control
parameters are categorized based on their association with the
functionality of preemptive impact reduction and contact force
control. It is feasible to design these parameters independently.
The transition from impact reduction to contact force control is
smooth. There is no switching of inputs and control strategies.
The proposed techniques will improve the robotic performances
of running, jumping, and other dynamic activities that have been
limited thus far due to avoiding potential damage caused by
improperly handled impact forces. These techniques will also
facilitate delicate tasks, such as grasping fragile objects and
human interaction. More specific characteristics of the proposed
methods are highlighted in the following section compared to
related works.

B. Related Works

1) (Contact) Impedance Control: Impedance control is clus-
tered into a force-control-based type and a position/velocity-
control-based type. Force-control-based impedance control [14]
is simply denoted as “impedance control,” which calculates the
force command based on the controlled object’s position, veloc-
ity, and acceleration. The controlled object is referred to as the
“plant” in this study. Position/velocity-control-based impedance
control [15] is called “admittance control.” The position, veloc-
ity, and acceleration of a virtual object are calculated from a force
input in admittance control, and the virtual object is tracked by
the position/velocity controller. Although both controls aim to
change the plant’s dynamic behavior to the desired one, their
characteristics differ. As the movement due to contact force
is the input into impedance control, adequate backdrivability
is needed. Furthermore, because impedance control uses a dy-
namic plant model to cancel itself through compensation, such
as a computed torque method, model errors, notably friction,
have an influence on performance, particularly positional accu-
racy. Admittance control does not require high backdrivability
because it collects information about contact force with a force
sensor, and the high-gain position/velocity controller provides
high positional accuracy. However, no movement is generated
by the force applied to the area without a sensor. Moreover,
dramatically moving the virtual object because of a large contact
force causes the system to become unstable.

Certain combined impedance and admittance controllers are
proposed to incorporate the benefits of both. Ott et al. [16]
presented a parallel combined controller that, depending on the
situation, switches between admittance and impedance control.
However, the method requires the environmental information to
switch; furthermore, a controller switchover generally causes
unstable behavior. Fujiki and Tahara [17] developed a serial
combined controller. The admittance control part’s calculated
virtual object state is used as the impedance control part’s equi-
librium state. The serial combined controller achieves higher

stability than admittance control and higher positional accu-
racy than impedance control. Our study employed the serial
combined controller shown in [17] with generalization to
achieve two distinct functions (preemptive impact reduction
and contact impedance control) that demonstrate the desired
characteristics within a single control strategy.

2) Noncontact/Virtual/Preemptive  Impedance  Control:
Tsuji and Kaneko [18] proposed an early method for calculating
virtual force from a noncontact sensor output and extending
conventional impedance control to the noncontact region. Their
method uses a vision sensor. A similar method is used in [19]
to avoid collisions.

Because optical proximity sensors are small, have fast re-
sponses, and can actively use reflection, they have been used
for impact reduction without occlusion. Virtual force calculated
from the proximity sensor’s output was introduced in [20]. The
virtual force is an elastic force because its output depends on its
distance from an object.

Sato et al. [11] proposed an impact reduction method using
the virtual elastic force for legged robots. Their sensor was
developed in such a manner that the virtual elastic force did
not interfere with posture control after landing. The control pa-
rameters were tuned by trial and error to maximize an index that
included impact reduction and posture control performances.
Because the control parameters influenced both impact reduction
and posture control performances, tuning is complex, and there
is a tradeoff. Compared to [11], our proposed method enables us
to distinctly delineate preemptive and postcontact actions. This
separation simplifies the controller design process for a given
task.

Guadarrama-Olvera et al. [12] proposed a method for using
virtual elastic force as an input to a humanoid admittance con-
troller. By calculating a virtual wrench from a virtual elastic
force, the method reduces impact and maximizes the landing
contact area. The virtual wrench is switched OFF after landing to
prevent adding disturbance to the balance controller. However,
parameter tuning considering the virtual wrench is not described.
They also discussed that achieving a smooth transition between
virtual impedance control and conventional contact impedance
control would help improve walking stability. Work in [12] and
our study are, therefore, linked in that our method attains a
smooth transition, which is characterized as a desirable attribute
in [12]. The results of analytical verification and experimental
evaluation demonstrate an example of the seamless transition
property.

3) Proximity-Sensor-Based Control: Many methods using
proximity sensors are based on factors other than impedance
control replacing contact forces with virtual forces. Some of
these techniques are also relevant to this study’s proposed
method. The method proposed by Koyama et al. [21] is particu-
larly relevant, as it uses virtual viscous forces to slow the robot
finger before contact. The derivative of the distance output from
the customized optical proximity sensor is used to calculate the
virtual viscous force. The virtual viscous force can be derived
from the output ratio of a primitive optical proximity sensor.
Koyama et al. [22] demonstrated that the output ratio is not
affected by reflectance. In [22], their output ratio calculation
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estimates the time to contact for grasping with the robot finger.
Both the methods in [21] and [22] stop the robot after contact.
As with other position/velocity-based controls, switching is
required if contact force control is to be performed. For impact
reduction, the proposed method in this study employs the virtual
viscous force derived from the output ratio of a primitive optical
proximity sensor.

The method proposed by Arita and Suzuki [23] uses proximity
sensors with force control. To execute their desired transition
between noncontact and contact, they employed a virtual elastic
force and changed its magnitude by controlling the proxim-
ity sensor’s emitting light. Although the method demonstrated
smooth transition capability, the desired contact force was con-
stant, and the design of the desired force still requires further
investigation. The contact force property of the method pro-
posed here can be designed similarly to conventional impedance
control.

Ding and Thomas [24] proposed a method for adaptive param-
eter tuning of contact impedance control using proximity sensor
outputs. This method can prepare in advance for collisions
that the collision avoidance function of [25] cannot entirely
avoid. Because [24] aims to propose the preparation method,
the transition between the collision avoidance feature and the
preparation method is not mentioned, and impact forces are not
evaluated. In the future, the adaptive tuning method could be
combined with the method proposed in this article to improve
the positional accuracy of the impedance control part.

C. Contents of This Article

The contribution of this article is proposing a novel control
method to achieve impact reduction and contact impedance
control with the following characteristics.

1) The proposed method can be applied to a multitude
of robots. The proposed approach can be employed by
both force-controlled and position/velocity-control-based
robots. Although the method requires an optical reflec-
tive proximity sensor, the sensor is compact and easy to
implement.

2) The method does not require detailed information about
the environment/object. Despite the usual susceptibility
of the optical reflective sensor to reflectance, the effect of
reflectance on the proposed method is minimal because of
the integrated use of virtual viscous force and the control
framework.

3) The technique attains seamless contact transition, wherein
no abrupt or sizable contact force is encountered during the
shift from noncontact to contact states. The preemptive im-
pact reduction function significantly alleviates the impact
force. Despite accomplishing the two functions above, the
method does not switch control laws.

4) The method can use the traditional knowledge of
impedance control. Although the proposed method com-
bines preemptive impact reduction and contact impedance
control into a single control law, the control parameters
associated with each function are categorized. Notably,
the contact impedance control after established contact
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is the same as the usual one, and therefore, the control
parameters can be reused.

The rest of this article is organized as follows. Section II
introduces the proposed method for force-control-based robots.
In Sections II-1V, the method for force-control-based robots
is utilized for demonstration, as it can be naturally derived
from [17]. The method for position/velocity-based robots is
described in Section V. This study employs a one-dimensional
(1-D) mass model, which is suitable for discussing collisions
because they are essentially 1-D phenomena. As an example,
the results of this study can be directly applied to more sophis-
ticated robotic systems, such as serial-linked arms, robot hands,
or legged robots, by substituting the approaching direction’s
impedance control in the task space with the proposed method.
Section III analyzes the proposed method and demonstrates
the theoretical independence of reflectance, divided design, and
smooth transition. Section IV evaluates the proposed method in
actual experiments. Section V contains the expansions, which
include the proposed method for position/velocity-control-based
robots and the generalized controller. Section VI describes the
discussion of benefits, limitations, and future works. Finally,
Section VII concludes this article.

II. PROPOSED CONTROLLER FOR FORCE-CONTROL-BASED
ROBOTS

Fig. 1 shows the block diagram of the proposed controller
for force-control-based robots. The primary differences be-
tween [17] are that the forces in the impedance and admittance
control parts are distinguished, and the force in the admittance
control part is derived from the proximity sensor output. This
section briefly introduces the controller. The details are analyzed
in the next section.

The trajectory planner determines the plant’s desired state
(za,Tq,Zq). Because the planner should be designed specifi-
cally for a given task, it is not the focus of this study.

A primitive optical reflective proximity sensor is used as the
proximity sensor in Fig. 1. The minimum necessary components
are an LED, a phototransistor, and two resistors. The phototran-
sistor generates the sensor output by receiving lights emitted by
the LED and reflected at the surface of a detected object.

The virtual force generator in this study outputs the virtual
viscous force f;,. The equation is
§
£
where £ is the proximity sensor output and G, is the scale
coefficient for the sensor output. The subscript “p” indicates that
it is related to the proximity sensor. The correlation between &
and the distance from the sensor to an obstacle is explicated in
Section III-A.

The admittance control part simulates the virtual object af-
fected by f;, with the following equation of motion:

—za)=fp (2

where M,, D,, and K, are the desired inertia, viscosity, and stiff-
ness of the admittance control part, respectively, and (z, &, &)

fp:Gp (D

Ma(iv — ('E'd) + Da(i'v — Lbd) + Ka(;vv
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Block diagram of the proposed controller for force-control-based robots. Serial combining admittance control and impedance control parts construct the

controller. The unique point is that the force received by the admittance control part is not a contact force but a virtual force.

is the virtual object’s state. In conventional admittance con-
trol, the calculated state of the virtual object is tracked with a
position/velocity controller. In contrast, the control framework
proposed in [17] employed impedance control for tracking.

The impedance control part changes the dynamic behavior
of the plant to the desired behavior. The virtual object’s state
equals the equilibrium state of the desired dynamic behavior.
The plant’s equation of motion is assumed as follows in this
study:

mi =u+ fe 3)

where m denotes the mass of the plant, x denotes its position, u
denotes the controller’s input force, and f. denotes the contact
force from an external environment or obstacle. In this case, u
is given as follows:

m
- — —1 c nv
U < v ) fe +ma
vl Di r— .v Ki v 4
PACICEESES ICEES BENC

where M;, D;, and Kj; represent the desired inertia, viscosity,
and stiffness of the impedance control part, respectively. The
plant’s motion equation is modified by substituting (4) into (3):

M;(i — i) + Di(i — &) + Ki(z — 2y) = foe. (5

Even if the plant’s model (3) is complicated, (5) can be obtained
by adding compensation terms to (4) as long as the relevant
model is provided.

fp influences plant behavior via the virtual object’s state.

III. ANALYSIS FOR FORCE-CONTROL-BASED ROBOTS
A. Independence of Reflectance

This section shows that (1) is, in theory, independent of
reflectance. A similar description is given in [22].

The output of an optical reflective proximity sensor £ can be
modeled as follows:

o
(d+do)"

where G is the transform coefficient of the sensing element,
such as a phototransistor, « is the detecting object’s reflectance,
1 is the energy of the light emitted from the LED, d is the
distance between the proximity sensor and the object, d,, is the
offset distance to prevent direct contact between the electric

£ =Ge (6)

components and the object, and n is the diffusion coefficient
fixed by the sensor design. Only d is time varying. f, can be
rewritten by substituting (6) into (1) as
Gpn
d+dy

fo= d. )
As per (7), fp is independent of «, is proportional to d, and
is inversely proportional to d. Therefore, f;, can be considered
as a nonlinear virtual viscous force independent of reflectance.

When in contact, f,, = 0 because d = 0 and the denominator is
do.

B. Divided Design

This section introduces that the parameters for impact reduc-
tion and contact impedance control are divided. The Laplace
transform is used in analysis in this section.

The Laplace transform of (2) is as follows:

(M, + sD, + K,) (X, — Xq) = F, 8)
where X, = L[z,], Xq = L[zq], and F}, = L[f,]. The follow-
ing equation is obtained by solving (8) for X :

1
F,.
$2M, +sD, + K, °

Similarly, solving (5) for 2’s Laplace transform serves the fol-
lowing equation:

X, =Xq+ )

1
F,
s2M; + sD; + K; ¢
where X = L[z] and F, = L[f.]. Eventually, X is represented
by substituting (9) into (10) as
1 1

F, F..
$2M, + sD, + K, p T s2M; + sD; + K;
(11)

As per (11), the influence on the plant’s movement of f;, is
determined only by the parameters of the admittance control

part, whereas the influence of f. is determined only by the
parameters of the impedance control part.

X=X, +

(10)

X=Xq+

C. Smooth Transition

This section describes how selecting appropriate parame-
ters results in the contact force immediately after the contact
smoothly increases, and finally, contact impedance defined by
the impedance control part is enabled.
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Let y = 2y — xq. When in contact, (2) can be expressed as
follows because f, = 0, as described in Section III-A:

i+ 2Caway + wiy =0 (12)

where ¢, = D,/[2(M,K,)"/?] and w, = (K,/M,)"/?. Let t
be the time from the contact. If , = 1, the general solution of
(12) is given as

y = (nt + o) exp(—wqt) (13)

where n=v+w,o, 0=y(0)=2x,(0) —2q(0), and v =
9(0) = 4 (0) — £4(0). Note that ¢, = 1 means (2) is critical
damping. Equation (2) determines the plant’s movement after
contact if f. = 0 and transition property immediately after con-
tact if f. # 0. Critical damping is appropriate for (2) because
it has the fastest convergence without oscillation. The transition
property is further explained as follows.
The time derivatives of (13) are as follows:

Y = (—want + v) exp(—wat) (14)
j = [wint — wa(n +v)] exp(—wat). (15)
From (5) and (13)—(15), the following equation is derived:
fe=M(i —3q) + Di(% — 2q) + Ki(x — 2q)
+ exp(—wat){— [Miwz — D;w, + Ki] nt
+ [Miwa(n + v) — Div — Kiol}. (16)

The initial contact force f..(0) is determined by substituting ¢ =
0 into (16) as

fc(0) = Mi(ac — #4(0)) + Miw,(n +v) 17)

where #(0) = 7(0) = ac, ©(0) = 4y(0) = v, and x(0) =
xy(0) = 2. Note that the initial conditions assume that the
tracking error caused by the impedance control part can be
ignored until contact. Equation (10) demonstrates that this
assumption is met; however, it is not strictly satisfied in
the following analysis. Even so, the experimental results in
Section IV show that the influence of the violating the assump-
tion is negligible. The first term on the right-hand side of (17) is
the inertial force determined by the impedance control part. The
second term is affected by the initial position and velocity; even
if the impact reduction is successful, the second term produces
an undesirable contact force.

The undesirable term can be eliminated by modifying the
impedance control part. u is redefined by removing mi.
from (4)

u= (E - 1) fo— % [Di(@ — @) + Ki(z — zy)]. (18)
The modification changes (16) and (17) as follows:
fc = Mlx —+ DI(I — CCd) + Kl(l’ — llfd)

+ exp(—wat)[(Diwa — Ki)nt — Div — K,0]

fC(O) = Miac.

19)
(20)

M; is frequently set to m in practice to avoid the difficulty of
measuring the contact force f.. In this case, the above equations
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Fig. 2. Relation between the time from the contact and fira (t)/ fira(0) (0 =

0.05,v = 0.3,w, = 10,¢; = 1). Note that fi2(0) < 0. There are parameter
conditions that have the local maximum or minimum value before convergence.

vary as follows:

u= —Di( — &) — Ki(z — ay) 21)
fe =mi + Di(& — &q) + Ki(x — xq)
+ exp(—wat)[(Diwa — Ki)nt — Div — Kio]  (22)
f(0) = mac. (23)

The desired inertial force of the impedance control part is
represented by the right-hand side of (20) and (23). In particular,
(23) shows the originally dynamic behavior of the plant without
control. Note that the delay exists because the eliminated ma.,
is the feedforward term of (4). Because the notation conveys the
meaning, the inertia defined by the impedance control part is
represented as M, in the following analysis.

Equation (19) is the sum of the desired equation of motion of
conventional impedance control and the fourth term on the right-
hand side. The fourth term is extracted from (19) as follows:

fura := exp(—wat)[(Dijw, — Ki)nt — Div — Kol (24)
The initial and final values are

f1a(0) = —=Div — Kio (25

fira(00) = 0. (26)

It is desirable that fi;4(0) < fira(t) < fua(00) OF fira(00) <
Jua(t) < fia(0) is satisfied. However, as shown in Fig. 2, fi.,
may exceed the range. The following section analyzes the ex-
treme value of fi;, to identify the condition satisfying the above
range.

Because the extreme value analysis includes the evaluation
of inequalities, the initial state signs must be confirmed. The
situations that are possible to occur are shown in Fig. 3. Fig. 3
shows the situation when an obstacle approaches the plant and
the one when the plant approaches an obstacle. In each situation,
o, v, and n have the same sign, and the analytical results of all

IEEE Transactions on Robotics (T-RO) paper, presented at ICRA 2024, Yokohama, Japan. Cite as T-RO paper.



arita o SEEOTIROSARHLOR: SRR ARAAS (ERPARARS T RTSFFLIRT 24 IGRA 2034 Jelighama, Japan. Cite as T-RO paper. 5,

Ve

. —_—

: Obstacle  Plant

: o m =

; ; T
xq (0) Te

Fig. 3. Situations at the moment of contact. An obstacle approaches the plant
in (a) and (c). The plant approaches an obstacle in (b) and (d). In (a) and (b),
o >0,v>0,17>0.In(c)and (d),c < 0,r < 0,n <O0.

the situations are equivalent. The signs of o, v/, and 1) are positive
in the following analysis.
The time derivatives of (24) are as follows:

ftra - exp(fwat)[*wa(Diwa - Kl)nt

+ (Diwa,Ki)n + wa(DiV + KiO')] 27
foa = exp(—wat) [wi(Diwa — Ki)nt
—2w,(Diwa- ;) — wi(Div + Kio)] . (28)

Let tx be the time when ftra =0.tx =00 o0r

1 Div + Kio
SR o L (29)
wa  (Diwa — Ki)n
The case when tex = o0 is trivial. The case of (29) is analyzed
as follows.

From (28) and (29), the following equation is obtained:
fra(ter) = — (Diwa — K5)

lex

Div + Kio >
VTR ) (30
Ki)n

3D

X Wy €XP (_1_w (Dron —
a 1va

Because w, > 0,7 > 0, and exp(-) > 0, we have

sgn (ftra(tex)) = —Sgn(Diwa — Ki).

From (31), fi, has a local maximum value when D;w, — K; >
0,1i.e.,

wip < 2§iwa (32)

where w; = (Kj/M;)*/? and ¢ = D;/[2(M;K;)'/?]. In this
case, because the second term on the right-hand side of (29)
is positive, t. is always positive. Consequently, if (32) is met,
fua has a local maximum value after contact.
On the other hand, fi, has a local minimum value when
Diw, — K; <0,1i.e.,
wi > 2¢wa. (33)

Because the second term on the right-hand side of (29) is negative
in this case, t.x can be either positive or negative. If ¢t < 0,

there is no local minimum value after contact. However, the pa-
rameter condition derived directly from t.x < O clearly includes
the initial states. In practice, these initial states are unknown
when the parameter is designed. As a result, considering the
contraposition, a sufficiency condition is derived below. The
following equation is given by assuming t.x > 0 as

1 Div+ Ko

tex = —
Wa  (Diwa — Ki)n
_ (Diwa — Ki)n + wa(Div + Kio) >0.  (34)
Wa(DiUJa - Kl)n

Because w, > 0,7 > 0, and Diw, — K; < 0, (34) signifies that

(Diw, — Ki)n + wa(Div + Kio) < 0. (35)

Equation (35) can be deformed as follows since v > 0, w; > 0,
and M; > 0:

2(iwga

14

4w —wi < — (36)
Because the right-hand side of (36) is always negative, (36)
proves that “if (33) is satisfied, tex > Oindicates 4(jw, — w; < 0,
i.e., w; > 4(jw,.” Therefore, the contraposition, i.e., “if (33) is
satisfied, w; < 4w, indicates tex < 07 is true.

Eventually, the parameter condition for the case where fi,
has neither a local maximum nor minimum value after contact

is as follows:

2w, < wi < 4w, (37

Note that w; < 45w, is a conservative condition. If the initial
states are obtained, the necessary condition can be derived by
directly solving t.x < 0. This can be confirmed in Fig. 2.
The following equation given by deforming (37) is often
helpful for design:
wji Wi
— <y < —. (38)
4G TG
Note that w; and (; are based on the estimated m and are
influenced by model errors in the impedance control part. The
parameter design with a certain margin of tolerance is desirable.

IV. EXPERIMENTS FOR FORCE-CONTROL-BASED ROBOTS
A. Experimental Setup

Fig. 4 shows an overview of the experimental setup. The setup,
which includes a proximity sensor, an obstruction, a force sensor
for observation, a dual linear stage, and a real-time controller,
is capable of realizing the scenarios in Fig. 3. The dual linear
stage (SLP-15-300-D-M3-A3-SH, Nippon Pulse Motor Co.,
Ltd., Tokyo, Japan) can individually move two tables. The plant
with the proximity sensor was placed on the left table in Fig. 4.
The obstacle was created using the right table in Fig. 4. Two
motor drivers (MADLT11SM, Panasonic Industry Company,
Ltd., Osaka, Japan) each control one shaft motor. The motor
driver has four modes (position/velocity/force/velocity&force).
The velocity&force mode indicates that it can alternate between
the velocity and force modes during operation. The obstacle was
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Acryl plate- . __ . _- Obstacle

PLANT OBSTACLE

Distance

Proximity sensor--- ----Force sensor

Fig. 4. Image and diagram of the experimental setup. The diagram is in
the side view. The semitransparent parts are fixtures manufactured with a
stereolithography printer.

Fig. 5. Attachments of the obstacle’s contact component. Their shapes are all
the same, half-sphere. The description of each color is in Table I.

manipulated in the experiments using the velocity&force mode.
These actuators and tables are connected by linear guides.

The force sensor (USL06-H5-50N-C and DSA-03A, Tec Gi-
han Co., Ltd., Ibaraki, Japan) was used only for measuring the
contact force, rather than to control the plant. The proximity
sensor is constructed by connecting three photo reflectors (RPR-
220,ROHM Co., Ltd., Kyoto, Japan) in parallel, which improves
the signal-to-noise ratio. There is no computational circuit in
this rudimentary proximity sensor, which has an acrylic plate in
front of it to prevent obstacles from getting closer than the focal
distance or directly touching the sensing element. By calibrating
the proximity sensor, the influence of the acrylic plate on the
output was eliminated.

The obstacle’s contact component can be replaced with other
attachments, as shown in Fig. 5. These attachments are painted
with acrylic paints (Acryl Gouache, Turner Colour Works Ltd.,
Osaka, Japan) in a variety of colors. Table I lists the names
of the paints and colors used in this study. The obstacle is a
half-sphere with a radius of 10 mm, placing the contact point
and the proximity sensor’s detected point on the force sensor’s
Z-axis.
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TABLE I
OBSTACLE COLORS

Index Color name .
o . . X The paint’s color name
in Fig. 5 in this article
(a) White WHITE
(b) Grayl NEUTRAL GRAY8
(c) Gray2 NEUTRAL GRAY7
(d) Gray3 NEUTRAL GRAYS5
(e) Red PERMANENT RED
) Blue SKY BLUE
() Yellow PERMANENT LEMON
(h) Green PERMANENT GREEN MIDDLE
TABLE I
CONTROL PARAMETERS
. Impact reduction Contact impedance
Experiment

Gp Ma wa G m  w Gi

in Section IV-B 08 | 5 1 - - -
in Section IV-C 05 15 1

The real-time controller (MicroLabBox, dSPACE GmbH,
Paderborn, Germany) measures the signal of the proximity
sensor, force sensor, and encoder mounted in the dual linear stage
and calculates the commands to the motor drivers. The control
frequency is 1 kHz, whereas the measurement frequency of data
for evaluation is 10 kHz. The noise on the proximity sensor’s
output is reduced using a fifth-order Butterworth low-path filter
with a cutoff frequency of 500 Hz.

B. Evaluation of Impact Reduction

1) Evaluation Method of Impact Reduction: The purposes
of this experiment is to confirm that the preemptive impact
reduction method is effective and independent of reflectance.
Therefore, the impedance control part is replaced with the posi-
tion controller implemented in the motor driver (the position
mode), based on the results of Section III-B for evaluation
independent of the effect of contact impedance control.

The situation in this experiment was equivalent to that shown
in Fig. 3(c). The obstacle approached with a constant velocity
of —0.3 m/s using the velocity mode of the motor driver. After
establishing contact, the mode of manipulating the obstacle was
switched to force mode with a force command of 0 N, denoting
that friction was the only resistance to moving the obstacle.
The plant’s desired location x4 was set to 0 m. The collision
was performed three times for each object shown in Fig. 5. The
control parameters in this experiment are shown in Table II.

2) Evaluation Results of Impact Reduction: Fig. 6 shows the
behavior of impact reduction. When the obstacle was nearby, the
plant backed away from it. When the obstacle reached the plant,
the plant forced the obstruction to return to its starting point
because f;, turned to 0. The behavior during the return back to
the origin corresponds to the free vibration of the virtual object
as determined in the admittance control part of the operation.

The impact force measurements are shown in Table III .
Note that the maximum force sensor output is the impact force.
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TABLE III
IMPACT REDUCTION EFFECTS WHEN OBSTACLES OF DIFFERENT COLORS APPROACHED

No reduction White  Grayl Gray2 Gray3  Yellow Blue Red  Green
(Gp = 0.00)
Reflectance ratio to White (%) - 100 76.5 54.1 30.0 81.3 78.7 76.8 63.3
I t reducti
_mpact reduction 000 100 980 945 812 963 970 967  97.1
effect ratio to White (%)
Impact reducti
fpact recuction 000 751 736 710 610 724 729 727 723
effect (%)
Ratio of impact force (%) 100 249 26.4 29.0 39.0 27.6 27.1 27.3 27.0
Mean value of impact force (N) 15.3 3.81 4.04 4.44 5.97 4.23 4.15 4.19 4.14
SD of impact force (N) 0.0553  0.145  0.115 0.0671 0.266  0.0818 0.0451 0.0538  0.115
The first impact force (N) 15.3 3.61 4.02 4.35 5.60 4.30 4.20 4.22 3.98
The second impact force (N) 15.3 3.88 3.90 4.45 6.07 4.28 4.09 4.23 4.21
The third impact force (N) 154 3.94 4.19 4.51 6.23 4.12 4.17 4.11 4.23
TABLE IV

IMPACT REDUCTION EFFECTS OF CONTACT IMPEDANCE CONTROL ONLY AND THE PROPOSED METHOD

Contact impedance control only (CI)

The proposed method

Controller
(Gp = 0.00) (Gp = 0.80)
Obstacle velocity (m/s) -0.3 -0.4 -0.3 -0.4
Impact reduction effect ratio to 7.9 ) 76.8 )
no reduction shown in Table III (%)
Ratllo of 1mpac‘t force to 21 ) 230 )
no reduction shown in Table III (%)

Impact reduction effect ratio to CI (%) 0.00 0.00 71.7 74.1
Ratio of impact force to CI (%) 100 100 23.2 259
Mean value of impact force (N) 12.6 17.5 3.56 4.53

SD of impact force (N) 0.0687 0.0410 0.0988 0.155
The first impact force (N) 12.5 17.5 3.65 4.40
The second impact force (N) 12.6 17.5 3.61 4.75
The third impact force (N) 12.6 17.6 3.42 4.45

It is confirmed that the peak outputs occurred immediately after
contact.

When G|, =0, i.e., the impact reduction was disabled, the
mean value of the impact force was 15.3 N. The mean values
of the impact force were 3.81-5.97 N when preemptive im-
pact reduction was enabled. The impact reduction effect was
61.0-75.1%, where the impact reduction effect was calculated
as follows: 100 [(the mean without reduction) — (the mean of
the case)]/(the mean without reduction).

Moreover, the impact reduction effect ratios were computed
by normalizing with the impact reduction effect for the white
color to confirm the relationship between reflectance and the
reduction effect. The reflectance ratio was calculated by dividing
each proximity sensor’s output during contact by the output for
white. Fig. 7 shows this relationship.

According to Fig. 7, reflectance has no influence on the impact
reduction effect. The difference in the decrease impact was only
5.5 % even though Gray?2 had a reflectance that was half that
of white. Gray3 reduces the reduction effect, nevertheless, to
81.3%. The drop results from the calibration being insufficient.
Although the proximity sensor cannot detect any obstacles,
there is a very faint signal in the output after calibration. Let
¢ represent the weak signal and & denote the sensor output

resulting from obstacle detection. In this scenario, the virtual
viscous force can be expressed as Gp&/(€ +¢). If € > ¢, ¢
is negligible, yielding G,/ (€ + ¢) = GE/€. Alternatively, if
¢ dominates, it suppresses the virtual viscous force, leading
to |Gpé/ (€ 4 ¢)| < |Gpé/€]. Ultimately, the impact reduction
performance is impaired. Unlike the reflectance problem, this
problem can be solved by increasing the amount of light emitted
or the sensitivity of the sensor.

C. Evaluation of Smooth Transition

1) Evaluation Method of Smooth Transition: This experi-
ment was conducted to ensure that impact reduction is not
limited by contact impedance control and that the transi-
tion from impact reduction to contact impedance control is
seamless.

First, the collision shown in Fig. 3(c) was executed. The
obstacle velocity was set to —0.3 m/s for comparison with
Section I'V-B and —0.4 m/s to examine the influence of different
obstacle velocities.

The experiment was then performed under the scenario de-
picted in Fig. 3(d). The plant followed the desired state and
ran into the roadblock placed in its path. The trajectory planner
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Fig. 6. Behavior of impact reduction when the obstacle approached the plant.
The preemptive movement occurred by virtual viscous force. After contact, the
plant returned to its origin because the virtual viscous force became zero.

generated the desired state trajectory to be a minimum jerk
trajectory.

In these experiments, the only color of the obstacle was white.
The impedance control part was implemented using (21), and
the control settings were established as stated in Table II. We
note that m was decided from the datasheet of the dual linear
stage, and ¢; = 1 and w; = 3w, such that w,, ¢;, and w; satisfy
3.

2) Evaluation Results of Smooth Transition: Table IV shows
the results where the obstacle approached the plant. When the
obstacle velocity was —0.3 m/s, the mean value of the impact
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120 . T

B Reflectance compared with White
B Impact reduction effect compared with White

Ratio (%)

Red  Green

Gray2 Gray3 Yellow Blue
Color (-)

White Grayl

Fig. 7. Relationship between reflectance and the impact reduction effect. The
differences in the impact reduction effect are less than those in the reflectance.

force was 12.6 N when G, = 0: This indicates that by utilizing
contact impedance control only (abbreviated as CI), the impact
force is decreased. As per Section IV-B, the impact reduction
effect ratio to no reduction was 17.9 %. The average impact
force was 3.56 N when using the proposed method: combining
the preemptive impact reduction and contact impedance control.
The impact reduction effect ratio to no reduction shown in Sec-
tion IV-B was 76.8%, and that to CI was 71.7 %. These results
indicate that the combination of preemptive impact reduction
and contact impedance control is adequate for impact reduction.
Preemptive impact reduction only, as indicated in Section IV-B,
and CI both had lower effects than the combined controller.

When the obstacle velocity was —0.4 m/s, the mean value of
the impact force was 17.5 N for CI, whereas it was 4.53 N with
the proposed method. The impact reduction effect ratio to CI
was 74.1%. This result shows that the effect of impact reduction
was equal to or greater than that recorded with a velocity of
—0.3 m/s.

Fig. 8 shows the plant’s positional trajectory when it followed
the desired state. When there was no barrier, the plant continued
along the minimum jerk trajectory that was assigned. When the
trajectory encountered a fixed obstacle, the plant collided and
came to a stop. Before the accident, the plant was slowed by
the proximity sensor’s impact reduction. We note that since the
results of the three trials were almost the same, the figure depicts
only one of each.

The measured contact forces are shown in Fig. 9. We note
that the horizontal axis scale is different from that in Fig. 8.
The peak of the impact force was 13.6 N for CI, whereas it was
2.08 N with the proposed method. The impact reduction effect
ratio to CI was 84.7%. Moreover, in the case where the proposed
method is used, the contact force gradually increased, as shown
analytically in Section III-C. No undesired contact force was
present immediately following the incident. The length of the
transition is determined by w,. This outcome demonstrated
that the transition from impact reduction to contact impedance
control is smooth.
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Fig. 8.  Position trajectories of the plant when it followed the intended course.

The differences in these trajectories were brought about by the fixed obstacle
and preemptive impact reduction feature.
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Fig. 9. Measured contact force that occurred when the plant hit the fixed
obstacle on the path. Each impact force is shown by the first peak of each wave.
Before convergence in the outcome, when the preemptive impact reduction was
enabled, there was no peak other than the impact force.

V. EXPANSIONS

A. Proposed Controller for Position/Velocity-Control-Based
Robots

Fig. 10 shows the proposed controller for position/velocity-
control-based robots. The second admittance control part and the
position/velocity controller are used in place of the impedance
control part in contrast to Fig. 1. In the following, the controller
shown in Fig. 1 is referred to as proximity admittance and contact
impedance controller (PACIC), whereas the controller shown
in Fig. 10 is referred to as proximity admittance and contact
admittance controller (PACAC).

In the PACAC, (2) is replaced with

Ma,l(iv,l - xd) + Da,l(iv,l - fEd) + Ka,l(l'v,l - xd) = fp
(39)

where the subscripts are expanded from each. The following
equation and any position/velocity controller are used instead
of (4)

Ma,2 ("EV,Q - :Ev,l) + Da,2 (x.v,Z - :tv,l)

+ Ka,Q(xv,Q - xv,l) = fC' (40)

By replacing (2) with (39) and (5) with (40), the same analysis
results as in Sections III-B and III-C are obtained. The char-
acteristic difference between PACIC and PACAC is similar to
the distinction between conventional impedance and admittance
control mentioned in Section I-B1.

B. Generalized Serial Combined Impedance Controller

Fig. 11 shows the generalized controller, including the con-
troller proposed in [17], the PACIC, and the PACAC. There
are /N admittance control parts, as well as either an additional
admittance control part or an impedance control part. Virtual
or contact force sensor outputs are received by each admittance
control part. The following part’s desired state is based on each
output of the admittance control part. Each admittance control
part determines the influence of the related sensor output on its
target state, as discussed in Section III-B. We note that delays
may occur depending on the control parameters. Such stacked
delays will undermine the performance of the control.

The controller proposed in [17] has an admittance control part
and an impedance control part, and the admittance control part
receives a contact force sensor output. Namely, in the PACIC
and the PACAC, two control parts are connected through the
virtual object’s state, whereas in the controller presented in [17],
they are also connected through force. This distinction allows
for drastically different controller characteristics from the one
given in this study, i.e., the generalized controller may be widely
applicable. The characteristics in the case of [17] are further
investigated in [26].

VI. DISCUSSION
A. Example of the Design Process

An example of the design process of the proposed controllers

is shown as follows.

1) Parameter design for contact impedance control: We
design the parameters for either the impedance control
part or the second admittance control part, as proposed in
Section IT or Section V-A according to a given task. Noth-
ing needs to be changed if contact impedance/admittance
control has been implemented.

2) Parameter design for smooth transition: The parameters
of the admittance control part receiving virtual viscous
force are designed so that (38) is satisfied and (, = 1.
A parameter design with some margin for tolerance is
recommended.

3) Gain tuning for impact reduction: We find a suitable value
of G, in (1) for impact reduction in an ad hoc process. The
systematic design method needs to be developed in future
work.
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Trajectory T, L, Ta
planner
Proximity | & | Virtual force | /| Admittance Tv,1s vt v
sensor generator control part (1)
Contact e | Admittance Tv.2: B2
force sensor control part (2)
s : U T, T
Position/Velocity Plant
controller
Fig. 10. Block diagram of the proposed controller for position/velocity-control-based robots. There are two admittance control parts. The first is for virtual force,

whereas the other is for contact force. The output of the first admittance control part serves as the second admittance control part’s desired state.
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Fig. 11.

Generalized serial combined impedance controller is shown in a block diagram. As with the controller in [17], the same virtual or contact force can also

serve as the input for several admittance control parts. Depending on the plant’s control type, the last part should be chosen.

B. Limitations

An inherent limitation of the proposed method is that it
requires a proximity sensor. As stated in [12], it is difficult to
incorporate a proximity sensor in the contact area. However,
a simple optical proximity sensor is sufficient for the proposed
method. Due to their small size, simple optical proximity sensors
can be mounted in tight spaces or used to cover contact areas.
Some related examples exist, such as mounting on a finger-
tip [27], on a tiptoe [11], on feet [12], and covering a robot

arm [28]. In addition, high-density implementation is feasible,
as presented in [29], and enhances the signal-to-noise ratio
described in Section IV-B. Intelligent proximity sensors that
measure distance, such as a time-of-flight sensor IC (VL6180X,
STMicroelectronics N.V., Geneva, Switzerland), which have
become popular in recent years, or a bespoke sensor [21] can
also be utilized in the suggested technique in place of simple
proximity sensors. The virtual viscous force can be derived by
differentiating the distance output, as proposed in [21]. Because
the admittance control part functions as a reliable second-order
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filter, it should be noted that even though the differentiator
generally amplifies high-frequency noise, the influence of the
noise on plant motion is minimal in the proposed method, as
demonstrated by the experimental results. When the sensor out-
put is minute, signifying the absence of obstacles, the amplified
high-frequency noise may only be partially eliminated in some
environments. Substituting f,, e.g., f, = 0 when £ = 0, is an
example of a practical solution in this scenario. Although this
approach may render f;, discontinuous, the plant’s motion re-
mains continuous because of the functionality of the admittance
control part. Other forces that satisfy the analysis’s presumption
that f, = 0 in contact can be used in place of the virtual viscous
force. For instance, the virtual elastic force is suitable to the
suggested method when using the sensor design method given
in [11]. Other virtual forces obtained by other types of proximity
sensors may also be utilized in conjunction with the proposed
method as long as they satisfy the above assumptions. For
example, capacitive proximity sensors may prove advantageous
in detecting obstacles that are difficult to detect with optical
Sensors.

The plantin this article is only a 1-D mass model. The example
of the application method mentioned in Section I-C is merely
one possible candidate. Future research to adapt the proposed
method to complex systems will build upon the contributions
of this article. Significantly, even in forthcoming investigations,
analyzing the approaching direction is an imperative topic in any
discussion of collisions. Therefore, the findings of this study will
be useful for subsequent work.

C. (Byproduct) Contact Preservation

The contact state can also be maintained by the virtual viscous
force when the transition from contact to noncontact is likely to
occur. For specific tasks, such as keeping a grabbed object from
being dropped from a robot hand, this functionality would be
useful. Future studies will evaluate contact preservation accord-
ing to defined tasks. We note that if it is not necessary to preserve
contact, you can disable the contact preservation feature by using
saturation.

VII. CONCLUSION

This article introduced novel control methods that reduce the
impact and control contact force after a collision. One of the
techniques is for force-control-based robots and uses a virtual
viscous force generator, an admittance control part, and an
impedance control part. Another employs the second admittance
control part for contact force instead of the previously described
impedance control part and is for position/velocity-control-
based robots.

The related analyses and experiments demonstrated three
advantages. The first is that even though the impact reduction
technique uses a simple optical proximity sensor to react before
contact, the effect of reflectance on impact reduction is negli-
gible. Despite a small influence of the experiment’s insufficient
calibration, the analytical outcome shows that the feature is inde-
pendent of reflectance, provided that the obstacle is detectable.
The second advantage is that impact reduction and contact

impedance control can be accomplished separately by designing
the control parameters according to a given task. Preemptive
impact reduction is easily added; if contact impedance control is
already in place, its parameters do not need to be altered. In the
experiments, adding the preemptive impact reduction reduced
the impact force by 71.7% when the obstacle approached the
plant and by 84.7% when the plant approached the fixed obsta-
cle. The third advantage is the smooth transition from impact
reduction to contact impedance control. Both switching and
unwelcome contact forces are absent. The contact impedance
control is gradually enabled. The majority of robots that need
to interact with environments, objects, and humans can benefit
from these advantages.
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