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Abstract: Emotions represent a significant means of nonverbal communication
and their expression represents an important aspect of social robots functionality.
There are two basic ways of expressing emotions. The first one is based on facial
expressions that can be realized by moving a particular part of face or by
displaying a picture on the screen that represents a face with characteristic
features such as eyebrows, eyes, nose and mouth. Combining them is also
possible. The second way of nonverbal communication is based on gestures,
especially using arms. This paper presents an optimal synthesis of shrug
mechanism for humanoid robots. Based on the set requirements the worm-lever
mechanism is proposed. It has 1 DOF and enables simultaneous shrug of both
shoulders. It consists of a worm which is meshed with two worm gears having
different directions of rotation and two four-bar lever mechanisms whose input
links are rigidly connected to the worm gears. Based on the kinematic-dynamic
analysis the dynamic model is formed, the objective function is defined, the
constraints are prescribed and the optimal synthesis is performed. The maximum
torque on the input link of the lever mechanism, the driving torque of the
complete worm-lever mechanism, the range of transmission angle and the
rotation range of the worm gears are determined. The lever mechanism has high
efficiency in all positions because the transmission angle has a high value during
the whole movement. The worm mechanism enables a significant reduction of
driving torque and has acceptable efficiency. The rotation range of the worm
gear is small — the mechanism movement is very quick and therefore the shrug
speed is large, which was the basic requirement for realization.

Keywords: Social humanoid robot, Shrug mechanism, Worm-lever mechanism,
Optimal synthesis, Nonverbal communication, Body language.

1 Introduction

For a successful operation of a robot in the immediate human environment,
the interaction between humans and robots is of utmost importance. Robots that
will coexist in everyday human environment, must be able to adapt to humans
and to the dynamic and unstructured environment in which they be situated. In
addition to being absolutely safe for the humans and the objects in their

'Faculty of Technical Sciences, University of Novi Sad, Trg Dositeja Obradovié¢a 6, 21000 Novi Sad, Serbia;
E-mails: mpencic@uns.ac.rs, scomaja@uns.ac.rs, borovac@uns.ac.rs

245



M. Penci¢, M. Cavié, B. Borovac

environment, these robots are expected to be able to realize nonverbal
communication and express emotions in a transparent and intuitive way [1 — 3].
Nonverbal communication is a powerful means of communication which can
transmit large number of information in a short period of time [4]. Up to 55% of
all communication between humans is achieved by nonverbal communication,
38% by intonation — paraverbal communication and only 7% by the content of
the message — verbal communication [5]. Paraverbal and nonverbal massages
send clear signals regardless of the meaning of the spoken words. Today,
researchers are working intensively on improving the interactive elements of
robots [6].

This paper presents an optimal synthesis of robots shrug mechanism as a
form of nonverbal communication. The research was conducted within the
project developing the humanoid robot Sara that will represent anthropomorphic
mobile platform for the research of social behavior of the robot. Sara will be
able to communicate verbally and nonverbally. To express facial expressions,
biologically inspired eyes and eyelids with 8 DOFs are being developed [7]. In
order to extend the spectrum of nonverbal communication, the robot will be
able to shrug when the question is confusing or when the robot does not know
what to answer. In addition, Sara will have two anthropomorphic arms with 14
DOFs, self-locking neck with 3 DOFs [8] and self-locking multi-segment
lumbar spine with 7 DOFs [9] to increase the mobility of the robot upper body.

The paper is structured as follows — the first section shows the research
motivation; the second section represents the analysis of different ways for
achieving nonverbal communication of social robots; the third section shows
kinematic and dynamic analysis of the lever and worm mechanism; the fourth
section presents optimal synthesis of the shrug mechanism within which the
influence of the kinematic parameters on the dynamic efficiency and torque of
the complete cam-worm mechanism are examined; fifth section summarizes the
paper contribution and outlooks future work.

2 State of the Art

There are numerous papers describing robots that are able to express
nonverbal communication in on intuitive and transparent way. Robotic heads
for immediate, face to face interaction with humans are Kismet [10], iCat [11],
Flobi [12], EDDIE [13], MERTZ [14], ROMAN [15] etc. They are able to
express happiness, surprise, calm, sadness, anger etc. Facial expressions of
these robots are created by moving the ears, eyebrows, eyeballs, eyelids or lips.

Robots that can realize nonverbal communication by facial expressions and
gestures are Nexi [16], iCub [17], Robotinho [18], Probo [19], R1 [20], BERT2
[21], TURO [22], EMYS [23], Albert HUBO [24], KOBIAN [25], HABIAN
[26] etc. The facial expressions of these robots are realized by moving a

246



Optimal Synthesis of the Worm-Lever Mechanism for Humanoid Robots Shrug

particular part of the face, by displaying it on the screen that represents a face
with characteristic elements or by a combination of these two ways, while the
gestures most commonly realized are movements of neck and arms of the robot.

Shrug is one of the most important aspects of the human nonverbal
communication. A review of the available literature shows that there are two
robots that are able to realize shrug. The first one is WE-4RII [27] having a
shrug mechanism with 4 DOFs that enables independent movements of the
shoulder in two directions, and the second one is BARTHOC [28], which has
embedded elements above the shoulders and their activation simulates shoulder
shrugging.

3 Kinematic and Dynamic Analysis

Since shrug is a relatively fast action, the basic requirement for its
realization is that the speed of shrug movement has to be as large as possible.
The shrug mechanism should have the lowest possible mass and dimensions in
order not to overload the spine to which it is connected. The torque for driving
the shrug mechanism should be as small as possible. In addition, a high
efficiency of the mechanism is requested in all positions during the motion.
Two lever mechanisms which in size and power correspond to these
requirements were analyzed in the previous researches [29, 30].

Based on the set requirements the worm-lever mechanism is proposed —
Fig. 1, which has 1 DOF and enables the simultaneous shrug of both shoulders.

Fig. 1 — Kinematic scheme of the worm-lever mechanism for humanoid robots shrug.
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It consists of a complex worm mechanism and two four-bar lever
mechanisms. The worm mechanism consists of a worm which is meshed to two
worm gears with different directions of rotation. Input links of the lever
mechanisms are rigidly connected to the worm gears. Therefore, the torques on
the worm gears and the torques on the input links of the lever mechanisms are
equal, M. =M, . The lever mechanisms enable high speed of the movement,
while the worm mechanism enables significant reduction of the torque. Since
shrug mechanism is symmetrical, only one-half of the mechanism is analyzed.

The stroke length of the shoulders end point — vertical stroke of the point
M, the transmission angle a, the torque on the input link of the lever mechanism
M, and the torque on the worm M, — driving torque of the worm-lever
mechanism are determined by analysis. The kinematic parameters of the
position are angles @,, @3 and @4 — the position angles of links 2, 3 and 4. The
input link is link 2 and the operating link is link 4. The position angle of the
input link and the dimensions of the mechanism links are considered to be
known.

Kinematic analysis was performed by the method of closed vector contours.
Vector equation is formed and the position of the worm-lever mechanism is
defined — only the right side of the mechanism is observed:

OA+ AB+BC =0D+DC. €]
By projecting (1) on the axes, the following equations are obtained:
X, +Ecoscp2+ﬁ'coscp3 =X, +D_Ccoscp4, 2)
v, Jrﬁsin(pfrﬁsin(p3 =yD+Rsin(p4. 3)
where: x,,y, and x,,y, are the coordinates of immovable points A and D.

Solving the system (2) and (3), the position angles of the links 3 and 4 are
obtained:

¢, = arctana + arccosb, @)
¢, =arctanc, (%)
where: G=M, (6)
x,—AB

JR— —\2 2 2 —2

BC +((xD—AB) +(yD—yA) ) -DC
b= — — - @)

2BC\/(xD —AB) +(yD —yA)

c:yA+B_CSin(p3_yD (8)

E+BCcoscp3 —xD'

248



Optimal Synthesis of the Worm-Lever Mechanism for Humanoid Robots Shrug

Vertical stroke of point M is the difference between y-coordinate of point

M at the beginning and end of the movement. The position angle of the

operating link at the beginning of the movement is ¢, =0° so the stroke of
point M during shrug is:

My = Yarewo = Yursrarr = DM sing,. ©)

The transmission angle a represents the dynamic efficiency of the lever
mechanism and is defined as the difference between kinematic parameters of
links 3 and 4:

A=0; —@,. (10)

As the transmission angle increases, a large proportion of the power is used
for overcoming workload and a smaller proportion is used for internal loads, so
the mechanism is more efficient. Within the dynamic analysis, kinetostatic
equations are formed on the basis of the d'Alembert's principle:

> F(i)=0, (11)
> M(S,.i)=0. (12)

where: §, - is an arbitrary point of the i-th link. Equations (11) and (12) contain

the workloads on the i-th link, the inertial and gravitational forces of the i-th
link, the forces of friction — dry and viscous, as well as the reactions of i-th link
with the adjacent links of the lever mechanism. As the mass of the mechanism
links is relatively small, inertial, gravitational and forces of friction are
significantly smaller in comparison to the workload so they will be neglected in
the further analysis. By mechanism decomposition, kinetostatic equations are
formed for each link and, at the end, a system of 9 linear equations with 9
unknowns is obtained. The components of the reactions in the joint links and the
torque on the input link of the lever mechanism M, are determined:

AB-DM
M =F Tk, 13
L our DC ( )
where: k=coso, S%n(% _%). (14)
sin(; —,)

The worm mechanisms have a wide range of gear ratios and enable a
significant reduction of the torque, which is one of the requirements. By
increasing gear ratio, the number of teeth in mesh increases and this has a
positive effect on backlash reduction. The gear ratio of the worm gearing is
determined by:

=, (15)
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where: z,,, — number of teeth of the worm gear and z,, — number of leads on the

worm. The efficiency of worm gearing can be more than 90% when the lead
angle is high enough or with the multi-lead worms, but then the gear ratio has to
be smaller and therefore the reduction of torque is smaller. When the lead angle
is 5° or less, the worm mechanism is self-locking and then the efficiency is
small — approximately 30%. The efficiency of worm gears is determined
according to:

tan
n=——tn (16)
tan(y, +p)
where: y, — lead angle and p— friction angle for coefficient of friction in worm
gearing. Based on equations (13), (15) and (16), the torque on the worm M, is
defined — the driving torque of complete worm-lever mechanism:

M
M, =2—*L. 17

m
Having in mind the requirement for high shrug speed and a small driving
torque, it is necessary to determine the efficiency of the worm mechanism. If

the center distance of worm gears is defined and if the range of gear ratio is
known, the number of leads on the worm can be determined:

T+24Ja
i 2

V4

11

(18)

where: a — center distance of a worm and worm gear in mesh. For the adopted
center distance ¢ =40 mm and gear ratio i =5+10, from (18) the number of

w

leads on the worm is obtained z, =3. The requirement for fast movement

implies the use of high-speed worms in which the diametral quotient of a worm
is in the range of 7+10, so it is adopted that ¢ =8. When the worm gearing is

without addendum modification, the equation for the center distance has the
form:

a=%(q+zWG), (19)

where: m — module of worm gears. Inserting equation (15) in (19), the equation
for operating gear ratio of worm gearing is obtained:
j=2a=mq (20)

mz,,

Considering the center distance @ =40 mm, the diametral quotient of worm
g =28 and the number of leads on the worm z, =3, the module of worm
gearing is m =2 mm. Inserting the parameters in (20), the operating gear ratio
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of worm mechanism is obtained as i =10. For determining the efficiency of the
worm mechanism, it is necessary to determine the lead angle of worm which is
defined by the equation:

tany, =2, Q1)
q

and replacing the parameters it is obtained that y, =20.5°. Considering that a

shrug is a fast and not so frequent action — intermittent drive, for the dry
lubricant it can be adopted that the angle of friction p=6°[31]. Inserting v,

and p in (16), the efficiency of the worm mechanism is obtained as n=0.75.
Based on the preliminary examination, it is concluded that the choice of

parameters for worm mechanism is unambiguous and therefore the worm
mechanism is not subject to this optimization.

4 Optimal Synthesis
Transmission angle a and the torque on the input link of lever mechanism
M, directly depend on the dimensions and position of the lever mechanism

links. It is therefore necessary to examine the influence of kinematic parameters
on dynamic efficiency and torque on the input link of the lever mechanism
during the whole movement. Optimization problem presents minimization of
the objective function for the set constraints:

MINf(x), xeD, (22)

g(x)SO/\h(x)=0}- a
set of solutions that fulfills the defined constraints, and g(x)<0 and /(x)=0-

constraint vectors. Objective function is formed — minimization of torque on the
input link of the lever mechanism:

f(x)=2( MME J (23)

i Lmax

where: x=(x,X,,...,x,, ) - vector variables, D = {x ER"

Constraints are defined — the values of the vertical movement of the
operating link at the beginning /4, and at the end of the movement 4, for the

stroke length £,, =50 mm:
h (x) = Qu574rr =0, (24)

h, (x):(yMEND _yD)_hM :WSin(p4END -50=0. (25)
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Smaller transmission angles lead to jamming of the mechanism and
therefore the constraint is defined — transmission angle for the final position 4,,
at o >55°:

g (x)=55°= =55~ (0, = Py ) <O (26)

Thoracic part of the robot is predicted to accommodate the shrug
mechanism and therefore the constraints concerning the dimensions of the
mechanism in the form of equality and inequality are set — Table 1.

Table 1
Set constraints of equality and inequality.
Xa Xp DM | AB BC CD Ya Yo |Pastart| AQ,
[mm] | [mm] | [mm] | [mm] | [mm] | [mm] | [mm] | [mm] | [°] [°]
40 40 120 30+70 [ 90+130 | 60+90 | 25+75 |120+180| —15+15 | 20+40
5
200 MEND
4
o h
160 D4 C _ l:OUT M
o Mgragt
120 - 7
My,=Mp 3
"\~
1 '//-\‘
m ZE IR
] i A(p2_
4l A I
e X

0 40 80 120

Fig. 2 — Optimization results of the worm-lever mechanism.

The optimized worm-lever mechanism is shown in Fig. 2, while Table 2
gives the constructive and kinematic parameters. For the defined stroke length
of shrug and the prescribed constraints, the input link of the lever mechanism

and the worm gears are rotated by the same angle A, =0, g4 — P, zvp| = 36°.

Because of the small range of rotation, only a few teeth of the worm gear are in
use and therefore it is possible to reduce their dimension and mass. The overall
dimensions of the shrug mechanism are 260%180 mm.
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Table 2
Results of optimal synthesis.

AB BC CD Ya Yo Qrstart | AP,
[mm] | [mm] | [mm] | [mm] | [mm] [°] [°]
51.2 111.6 75.2 49.3 151 -11 36

Fig. 3 shows the change of torque on the input link of the lever mechanism,
while Fig. 4 shows the change of transmission angle during the whole
movement. For the defined workload — the mass of the arm is 4.5 kg, the
maximum torque on the input link M, =4.1 Nm. Having in mind equation (17),
the gear ratio i =10 and the efficiency of the worm mechanism 1 =0.75, the
driving torque of the complete worm-lever mechanism M, =1.1Nm.

Transmission angle at the beginning of the movement is 87°, during the
movement it grows close to 90° and at the end it is 69°. Therefore the lever
mechanism has high efficiency during the whole movement.

Fig. 3 — Change of the torque on the input link during the whole movement.

Fig. 4 — Change of the transmission angle during the whole movement.

5 Conclusion

The paper presents an optimal synthesis of the worm-lever mechanism for
humanoid robots shrug. It has 1 DOF and enables simultaneous shrug of both
shoulders. It consists of a worm which is meshed with two worm gears having
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different directions of rotation and two four-bar lever mechanisms whose input
links are rigidly connected to the worm gears. Based on the set requirements —
high speed of shrug, high efficiency in all positions and a small driving torque,
the structure of the mechanism is adopted and the kinematic-dynamic analysis is
performed. Within the kinematic-dynamic analysis, the transmission angle, the
torque on the input link of the lever mechanism and the drive torque of the
worm-lever mechanism are defined. The transmission angle and the torque on
the input link directly depend on the dimensions and position of the lever
mechanism links. Therefore, the influence of kinematic parameters on dynamic
efficiency and torque on the input link of the lever mechanism during the whole
movement is examined. Based on the kinematic-dynamic analysis, a dynamic
model is formed and the objective function is defined — minimization of torque
on the input link of the lever mechanism. Kinematic constraints are prescribed
based on which the optimal synthesis is performed. The maximum torque on the
input link of the lever mechanism, the driving torque of the worm-lever
mechanism, the range of transmission angle and the rotation range of the worm
gears are determined. The lever mechanism has a high efficiency in all positions
because the transmission angle has a high value during the whole movement.
The worm mechanism enables a significant reduction of driving torque and has
acceptable efficiency. The rotation range of the worm gear is small — the
mechanism movement is very quick and therefore the shrug speed is large,
which was the basic requirement for realization. Further research will include
worm-cam and cam-lever mechanisms as an addition to the assortment of shrug
mechanisms of socially interactive robots.
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