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Development of Head Care Robot using Five-bar Closed Link
Mechanism with Enhanced Head Shape Following Capability
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Abstract— We have developed a head care robot equipped
with scrubbing fingers that washes hair and provides scalp
cares in hospitals and care facilities to ease the burden on
healthcare professionals and care workers. Our robot provides
frequent hair washing and a higher Quality Of Life (QOL) to
patients and others who need such nursing care. Its elemental
technologies include the following: a cylindrical rack mech-
anism for self-aligning and a drive-force transmission from
an electric motor to multiple fingers, a five-bar closed link
mechanism to expand the area of the head that can be washed
by extension motion, and rear pressure force control by a
coordinated double arm motion to switch between supporting
and washing the head. In addition, we introduce an orientation
correction mechanism into our five-bar closed link mechanism
to keep the end effector’s contact face aligned along the head’s
surface. This paper presents several elemental technologies and
the kinematics of a five-bar closed link mechanism and discusses
the improvement of the head shape following capability using
an orientation correction mechanism.

I. INTRODUCTION

Maintaining cleanliness is a basic human need. Clean care,
which maintains the cleanliness of patients and others in
need of nursing care, has significance not only in physi-
ology but also in sociology (e.g., personal maintenance or
relaxation)[1][2]. In Japan, washing the hair of patients is
an example of clean care that is given by healthcare profes-
sionals and care workers less frequently than is considered
ideal. To address these problems, we applied robot hand
technology to develop a head care robot with scrubbing
fingers that resemble human fingers. This robot washes hair
in hospitals and care facilities, eases the burden on healthcare
professionals and care workers, and increases the quality of
life for patients and others who need care.

In this paper, we report the development of our head care
robot as well as the elemental technologies that allow it
to gently touch a person on the head: a cylindrical rack
mechanism for self-aligning and a drive-force transmission
from an electric motor to multiple fingers, a five-bar closed
link mechanism to expand the area of the head to be
scrubbed by extension motion, and rear pressure force control
by a coordinated double arm motion to switch between
supporting and washing the head. In addition, we introduce
an orientation correction mechanism into a five-bar closed
link mechanism to keep the end effector’s contact face
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Fig. 1.

Appearance and Main Composition of Head Care Robot

aligned along the head’s surface. This paper also presents the
kinematics of a five-bar closed link mechanism and discusses
the improvement of the head shape following capability using
an orientation correction mechanism.

II. HEAD CARE ROBOT

The main concept of our head care robot is to gently touch
a head and shampoo it. Our head care robot produces a rich
lather on a patient’s head, which it lightly rubs with its fingers
in much the same fashion as a beautician. Fig. 1 shows the
appearance and the main composition of our head care robot.
It is 810 mm wide, 723 mm long, 1045 mm high, and weighs
approximately 100 kg. It consists of two main parts: a pair
of swing arm units that scrub the front and top regions of the
head and a rear unit that cleans its back (Fig. 1). Each swing
arm unit consists of three main parts: an end effector that
touches the head, a pressing arm that applies slight pressure
to the head, and a shower pipe that sprays shampoo or water
on the head.

An automatic shampooing machine that only uses a water
stream has already been marketed in barber shops and hair
salons [3][4][5]. However, it often gives people tickling or
unpleasant sensations and consumes too much water (about
50 liters per use). Our head care robot can lightly scrub with
its fingers and provides a lather of shampoo and a stream of
water. It washes the hair more cleanly and only uses about
15 liters per shampoo.

III. ELEMENTAL TECHNOLOGIES

For a head care robot to wash hair instead of beauticians,
the following are required: adapting to various head sizes
and shapes, washing almost all of the head’s hair, and
satisfactorily both washing hair and supporting the head
while keeping the body in a comfortable position. In this
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section, we introduce the main elemental technologies of our
head care robot that addresses these requirements.

A. Multiple Contacts Driven by Cylindrical Rack Mechanism

For an end effector to have more than one contact point
to softly touch the head with appropriate pressure, it needs
to adapt to various head sizes and shapes. Although this
can be done with multiple electric motors, we apply a
cylindrical rack mechanism to the head care robot, and thus
it only requires a single electric motor. A system with fewer
actuators than degrees of freedom is called an underactuated
mechanical system, many of which have been proposed and
applied to robots in the past, for example, a connected
differential mechanism [6] and a differential shaft mechanism
[7]. The cylindrical rack mechanism used in head care robots
resembles an underactuated mechanical system.

Fig. 2 shows the mechanism and motion of the end
effector, which touches and lightly massages the head with
eight soft rubber contacts like the fingers of a human hand. A
self-aligning mechanism provides adaptable touches on the
head, and a cylindrical rack mechanism permits only one
electric motor to drive four self-aligned axes. We obtained a
cylindrical rack shape by rotating the cross-section surface
of a rack shape around the axis (A3).

Axes P1, P2, and P3 in Fig. 2(a) illustrate the types of
passive joints used in the self-aligning mechanism. The end
effector has seven passive joints: one P1 axis, two P2 axes,
and four P3 axes. These axes are connected in a tree structure
to allow three-dimensionally adaptable touches on surfaces
with various curvatures and irregularities. This self-aligning
mechanism is based on the average head shape of Japanese
women developed by Kouchi[8]. The average head curvature
radius is 76 mm, the assumed maximum head curvature
radius is 110 mm, and the assumed minimum head curvature
radius is approximately 56 mm. This indicates that the self-
aligning mechanism can adapt to the head curvature radius
of almost all Japanese men and women.

We installed a cylindrical rack mechanism in the end
effector because its contacts need to be driven by a single
electric motor through the passive joints of the self-aligning
mechanism. The pinion gear (Al) shown in Fig. 2(a) is
driven by an electric geared motor, and the motor’s drive
shaft (A2) is driven by this pinion gear. Two cylindrical
racks (A3) are driven by the drive shaft (A2) and tentatively
convert rotational motion into linear motion. Four gears (A4)
are driven by two cylindrical racks (A3) to transform the
linear motion back into rotational motion. Four gears (AS)
are driven by four gears (A4), and eight contacts are driven
by four gears (AS5) through four passive joints (P3). Each
cylindrical rack (A3) is arranged coaxially with a passive
joint (P2) and can absorb the rotational displacement of a
gear (A4) caused by a passive joint. This supports the self-
aligning mechanism and allows the end effector to softly
touch the head (Fig. 2(b)) and achieve an efficient driving-
force transmission mechanism that uses only one electric
motor (Fig. 2(c)).

(a) Mechanism

Exterior

(c) Scrub Motion
D

Fig. 2. End Effector Equipped with Self-aligning Mechanism and Cylin-
drical Rack Mechanism

B. Movement of Scrubbing Area by Five-bar Closed Link
Mechanism

Movement of the scrubbing area is required to wash almost
all of the head’s hair. The hair-washing robot we developed
previously [9] moved the scrubbing area by a swinging
motion of the swing arm unit. Since the scrubbing area of
each swing arm unit has no overlap, an area exists in the
center that is shampooed by neither of the swing arm units.
To solve this problem, we introduce a five-bar closed link
mechanism into the robot’s swing arm units and add one
degree of freedom to each previous swing arm unit for a
total of 4 DOFs. This allows each swing arm unit to realize
extension motion and to alternately wash the cephalic area
in the head’s center.

The pressing arm supports the end effector and moves it on
or off the head. Fig. 3 shows the mechanism and motion of
the pressing arm. Even though the pressing arm actually has a
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Fig. 3. Pressing Arm Equipped with Five-bar Closed Link Mechanism

cover to prevent it from catching part of the head in it, Fig. 3
shows it without a cover for demonstration purposes. We put
a five-bar closed link mechanism in the pressing arm and
provided compliance control for the arm by measuring the
pressing force with the force sensors described below. There
are five joints (A to E) in the five-bar closed link mechanism,
and five links are connected like a pentagon (Fig. 3(a)). The
pressing arm realizes a press motion (Fig. 3(b)) by driving
the press axis (joint A) by a press motor to move the end
effector on and off the head. The pressing arm also realizes
extension motion (Fig. 3(c)) by driving the extension axis
(joint B) by an extension motor through a worm gear and
a worm wheel to move the end effector to the center or the
side of the head. About 34-cm extension motion is available
that covers almost the entire hair area of the average head
[8].

The pressing arm, as mentioned above, is controlled by the
compliance control with force sensors attached to the passive
axis (P1) shown in Fig. 2. A block diagram of the pressing
arm’s compliance control is shown in Fig. 4. Press angle
(0) indicates the angle of the press axis (joint A), extension
angle (¢) indicates the angle of the extension axis (joint B),
and extension length (r) indicates the length of the segment
connecting joints A and D. We designed the regulator of the
press motor based on the position control and the pressing
force servo system using the output of force sensors (f).
The extension angle converter calculates extension target

(a) Washing Top

Swing Arm Unit
(Washing)

(b) Washing Back

Swing Arm Unit
(Supporting)

‘ Suspension

Rear Unit Rear Unit
(Supporting) (Washing)
Fig. 5. Motion of Swing Arm and Rear Units

angle (¢,.s) from extension target length (r;.r). Changing
extension angle (¢) not only causes displacement in the
direction of extension () but also in the direction of press
(x;nt). To reduce such interference, we designed a stabilizing
decoupling compensator for the displacement in the direction
of the press. It estimates the displacement in the direction
of press (Zin¢), and the results of multiplying estimated
value (Z;,:) by the inverse of estimated extension length
(%) are added to press target angle (0,..). This reduces the
displacement in the direction of press (x;,¢) that is caused by
changing extension angle (¢), and the variation of the press
force error approximately decreases from 20 to 10%.

C. Press Force Control of Rear Unit by Coordinated Double
Arm Motion

When the hair is being shampooed, the back of the head
must be supported to keep the body in a comfortable position.
If the robot also intends to wash the back of the head, it
must simultaneously wash the hair and support the head.
Therefore, our head care robot has a rear unit that can both
shampoo the hair and support the head. When the rear unit
shampoos the back of the head, a pair of swing arm units
supports the top of the head and realizes press force control
of the rear unit.

Fig. 5 shows the motion of a pair of swing arm units and
the rear arm unit. The rear units support the back of the head
when the pair of swing arm units swing and wash the front
and top of the head (Fig. 5(a)). The pair of swing arm units
supports the top of the head and reduces the press force of
the rear unit when it swings and scrubs the back of the head
(Fig. 5(b)). The rear unit has a suspension mechanism, which
has no effect because of a stopper mechanism for cases of
force overload when a pair of swing arm units wash the front
and top regions of the head (Fig. 5(a)); it becomes effective
when the rear unit washes the back of the head (Fig. 5(b))
by reducing the press force of the rear unit.

When the rear unit washes the back of the head, a pair of
swing arm units makes a coordinated double arm motion to
support the top of the head by controlling the rear unit’s press
force with force sensors, and the rear unit applies appropriate
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Fig. 6. Press Force Control of Rear Unit by Coordinated Double Arm Motion

pressure to the back of the head. Fig. 6 shows the press force
control of the rear unit by the coordinated double arm motion
of a pair of swing arm units.

The press motors in a pair of swing arm units are regulated
by the PID angle controller. The force sensors in the rear unit
detect its press force (F'), and the target press angles of a pair
of swing arm units (0r,cf, Orres) are controlled by the force
servo system based on the press force of the rear unit (F').
The difference of the shape of the left and right sides of the
head creates an imbalanced motor load between the left and
right motors of a pair of swing arm units; one may become
overloaded. To equalize this imbalance, the difference value
between the press forces of a pair of swing arm units (ff,
and fr) is added to target press angle (0, s) to disperse the
motor load on the left and right motors of a pair of swing
arm units.

IV. ENHANCED HEAD SHAPE FOLLOWING CAPABILITY
OF ORIENTATION CORRECTION MECHANISM

The five-bar closed link mechanism equipped in the
pressing arm is introduced in section III-B and makes two
motions: press and extension. However, the five-bar closed
link mechanism raises a new problem concerning the end
effector orientation: it can’t keep the contact face of the
end effector aligned along the head’s surface when the
end effector moves closer to the head. In this section, we
introduce an orientation correction mechanism into our five-
bar closed link mechanism to keep the contact face of an end
effector aligned along the head’s surface. We also explain the
kinematics of the five-bar closed link mechanism and discuss
improvements of the head shape following capability using
an orientation correction mechanism.
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A. Forward Kinematics of Five-bar Closed Link Mechanism

We define a point at the intersection of the symmetry plane
of a pair of swing arm units with the rotational axis of the
swing motion as original point O (Fig. 7). The coordinates
of points A and B are defined as (z4,ya) and (z5,y5).
The angles between segment AE and the x-axis and between
segment BC and the x-axis are defined as 0 4 and Op¢. The
lengths of segments AE, BC, ED, and CD are respectively
defined as Lag, Lgc, Lgp, and Lop. Table 1 shows the
specifications of the five-bar closed link mechanism of our
head care robot.

The coordinates of points E and C ((zg,yp) and
(x¢,yc)) are shown below using (4,vy4), (5,y5), Lag,
LBC’ QAE, and 0301

g = Ta+ Lapcoslag (D
YE = Ya+ Lagsinfap 2
zc = xp+ Lpccoslpc 3)
yc = yB+ Lpcsinfpc 4

The lengths of segment EC (Lgc) and the angle between
segment EC and x-axis (fgc) are shown below using

($E7 yE) and (J:Ca yC):

Lpc = (zc—zp)?*+(yc —ye)? )
coslpc = % (6)
sinfpe = 22 YE (7)

Lgc

The lengths of segments EC, ED, and CD are respectively
defined as Lgc, Lgp, and Lop. Angle CED (HZCED) is
shown below using a cosine theorem:

Lo+ LEp — LEp

cosl/opp = SLpclin 8)

\/1—=cos?0,pp

2
1_ (L%c +LEp - L%‘D) ©)
2LgcLED
The coordinate of point D ((zp,yp)) is shown using a sine
theorem:

SinelCED =

Trp = 1’E+LEDCOS(9EC*040ED)
25 + Lep(cosbpc cosb/qpp +sinfecsind/opp)

R (o —zp)(Lpe + Lip — Lp) I
202,
(yc — yE)\/4L2ECL2ED — (Lo + Lyp — L2CD)2{10)
2LZ '
yp = yr+Lepsin(0pc —0/05p)

yE-l—LED(Sin@EcCOS@ACED —COS@EcSiHQACED)
(ye —ye)(Lse + LEp — Lip) .

= Ye+
2L2EC
(wc —2p)\/ALycLyp — (Lo + Lip — LEp)?,
2 \11)
2L%0

Fig. 7. Coordinate System Definition of Five-bar Closed Link Mechanism

TABLE I
SPECIFICATIONS OF FIVE-BAR CLOSED LINK MECHANISM

Item Specification
Position of Press Axis T A 160 mm
YA -25 mm
Position of Extension Axis B 176 mm
YB -44 mm
Angle of Press Axis OAE 111.8t23 °
Angle of Extension Axis Opc 222439 °
Length of Link Lag 141.6 mm
Lpc 40 mm
L ED 40 mm
Lep 165.3 mm

B. Inverse Kinematics of Five-bar Closed Link Mechanism

The lengths of segments AD and BD (L4p and Lgp) and
the angles between segment AD and the x-axis and between
segment BD and the x-axis (4p and 0pp) are respectively
shown using the coordinates of points A, B, and D ((z 4, y4),
(zp,yp) and (zp,yp)):

Lap = V(@p—za)2+ (yp —ya)? (12)
Lep = (zp—xp)*+@yp—ys)? (13)
tanfap = 755”; :zi (14)
tanfpp = % (15)

The lengths of segments AE and ED are defined as L 4 and
Lgp. Angle EAD (0 ) is shown by a cosine theorem:

Lip + L%, — L2
cosl/pap = AEQLAngD ED (16)
om0 \/1—cos?8,p.p
anbv/pap = 080, pap

Y Ve Ve U P 5 P
- AN
Lie+ Lo~ Lip
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The lengths of the segment BC and CD are respectively
defined as Lpc and Lop. The lengths of segments BC and
CD are defined as Lpc and Lep. Angle (0 /5 p) is shown
by a cosine theorem:

Lyo+ LEp — Lép
2LpcLBp

\/1—cos?0,.5p

cosb/cpp
_ \/4LQBCL2BD — (L%C + LQBD - L%‘D)?19)
= 8|
Lbc+Lgp — Lep

cosl/cpp = (18)

tan/opp =

The angles between segment AE and the x-axis and between
segment BC and the x-axis (4 and 0p¢) are respectively
shown by the addition theorem:

tanfap = tan(0ap —0/pup)
_ tanfap —tanb, . 20)
1+tanbaptand,/ p.p
tanfge = tan(03D+OZCBD)
_ tanfpp +tanb/op) 2

1 —tanfpptantd,zp
They are transcribed by inverse trig functions:

_1 tanfap —tanf, . p

Oap = m+tan 1+tanfaptanf, . p
= 74+tan ? [{(’yD — yA)(L?AE +Lip — L2ED)
—(zp — xA)\/4L?4EL?4D - (Lhp +Lip — L%D)Q}
J{(@p = 2a)(Tag + Lip — Lin) - (40 — ya)
VAL — (B + Bap — 0P} @
9pe — 74 tan-! tanfpp +tanf, 5p

1—tanfpptanf, 5p
= m+tan ! [{(yD —yB)(Lse + Lbp — Lep)
—(zp — IB)\/4L2BCLZBD = (Lye +LEp - L2CD)2}
/{(JJD — iUB)(LQBC + LQBD - LQCD) — (yp —yB)

\/4L2BCL2BD - (LQBC + LQBD - L2CD)2}}

(23)

C. Installation of Orientation Correction Mechanism

Fig. 8(a) shows the orientation correction mechanism,
which consists of five links (the base link and links AE,
BC, ED, and CD) and three gears (gears L, M, and S). Gear
L is arranged coaxially with joint E and fastened to link
AE. Gear M can turn freely around the shaft on link ED
and meshes with gear L. Gear S can turn freely around joint
D and meshes with gear M. The end effector is connected
to gear S through an elastic body and the end effector’s
orientation depends on that of gear S.

As the end effector moves closer to the head in both
situations when the pressing arm is being extended or
shortened, its motions are shown in Fig. 8(b) (with the orien-
tation correction mechanism) and (c) (without the orientation
correction mechanism). In the design before the orientation

Link ED 7
Link AE—

Fig. 8. Installation of Orientation Correction Mechanism

correction mechanism was installed, the end effector was
connected to link CD through an elastic body, and its
orientation depended on that of link CD. The two contacts
nearest the ear touch the head first when the pressing arm
is extended and the two contacts nearest the top of the head
touch it first when the pressing arm is shortened when the
end effector moves closer to the head (Fig. 8(c)). If the end
effector continues to move closer to the head after the two
contacts near the ear or the top of the head touch the head
first, all of the contacts manage to touch the head because of
the self-aligning mechanism of passive axis P1 in Fig. 2(b)
and the elastic body connecting the end effector to link CD.
However, in some cases, the friction force acting on the head
and the two contacts touching the head first restrict all the
contacts from touching the head.

In our design after installing the orientation correction
mechanism, we connected the end effector to gear S through
an elastic body and the end effector’s orientation depended
on that of gear S. All of the contacts touch the head almost
at the same time in both the pressing arm extended and
shortened situations when the end effector moves close to
the head (Fig. 8(b)). This makes the self-aligning mechanism
of passive axis P1 work more effectively.

The ratio of the relative change in the angle of link AE
with respect to link ED (the relative change in angle AED:
A0, ,pp) and the relative change in the angle of the end
effector with respect to link ED can be determined by the
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Fig. 9. Correction Angle Design of Orientation Correction Mechanism

gear ratio of gears L and S (L : S). A relative change in this
section is determined as the difference from the reference
state: press angle (f4g) is 111.8° and extension angle (Ap¢)
is 222°.

We approximated the average head shape of Japanese
women [8] by a 76-mm radius sphere. The ideal relation
for the contact face to align an end effector along the
head’s surface is shown as a relative change in angle EDO
(A0 po) plotted in Fig. 9. The relation before installing
the orientation correction mechanism is shown as a relative
change in angle EDC (A0, ) plotted in Fig. 9. There is
an approximate difference of up to 16.2° between these two
relative changes.

The linearly approximated relation of the ideal relation is
shown as “with correction” in Fig. 9. The slope of the plotted
line is —15/11 and is determined by the gear ratio of gears L
and S (L : S = 15: 11). The y-intercept of the plotted line is
2.5° and is determined by a change in the phase of link AE
and gears L or S and the end effector. The difference from
the ideal relation is approximately suppressed up to 2.6°.

We actually installed an orientation correction mechanism
in the head care robot and experimentally assessed its effect.
Fig. 10 shows the condition when one of the contacts of the
end effector touches the head first. An orientation correction
mechanism is installed behind the end effector in Fig. 10(a).
All of the contacts touch the head almost at the same
time in both situations when the pressing arm is extended
or shortened after we installed the orientation correction
mechanism (Fig. 10(a)). On the other hand, the two contacts
nearest the ear touch the head first when the pressing arm is
extended, and the two contacts nearest the top of the head
touch it first when the pressing arm is shortened before we
installed the orientation correction mechanism (Fig. 10(b)).
This confirmed that our orientation correction mechanism
works well, and we plan to evaluate subject satisfaction by
adding it to our head care robot in the future.

V. CONCLUSIONS AND FUTURE WORKS

In this paper, we developed a head care robot equipped
with scrubbing fingers and achieved the following mechani-
cal and control technologies for gently touching the head:

(a) with Correction

Fig. 10. Experiment of Orientation Correction Mechanism

e a cylindrical rack mechanism for self-aligning and a
drive-force transmission from an electric motor to mul-
tiple fingers

« a five-bar closed link mechanism to expand the head’s
scrubbing area by extension motion

o rear pressure force control by coordinated double arm
motion to switch between supporting and washing the
head.

We also introduced an orientation correction mechanism
into a five-bar closed link mechanism to keep the end
effector’s contact face aligned along the head’s surface. We
experimentally evaluated the orientation correction mecha-
nism and concluded that it works well.

We are planning to improve our head care robot and
make it more attractive. We also envision its practical use
in hospitals and care facilities.
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