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Abstract: In the biped robotics domain, head oscillations may be extremely harmful, especially if the
robot is teleoperated, since vibrations strongly reduce the operator’s spatial awareness. In particular,
undesired head oscillations occur in under-actuated robots, where springs and passive mechanisms
are used to achieve a human-like motion. This paper proposes an approach to reduce the vibrations
of a biped robot’s head; the proposed solution does not affect the dynamic locomotion properties,
on which specific control logic could have been already tuned. The approach is tested on Rollo,
a flexible-biped-wheeled robot, whose head vibrates throughout the robot locomotion. The two
requirements, i.e., head vibration reduction and unchanged Rollo locomotion properties, are traduced
in constraints to the robot possible modifications. Based on a 1D finite element model of the robot,
tuned on experimental modal analysis, the undesired vibration causes are detected, and a solution for
their reduction is proposed. Rollo’s head vibration amplitude is attenuated using a tuned vibration
absorber, which achieves impressive performance in the robot. An archetype of the proposed
vibration absorber is tailored designed on Rollo, without invasive changes to the robot structure.
The proposed approach solves a significant problem in the biped robotic research community. The
approach used to reduce the Rollo head oscillations may be utilized in other biped robot machines
with or without flexible legs.

Keywords: humanoid robots; experimental modal analysis; flexible legs; biped wheeled robot; tuned
mass damper

1. Introduction

Robotics is a multidisciplinary research field, increasingly present in nowadays daily
life. Robotics is modifying the classical design concepts, joining mechanics, electronics,
and computer science knowledge, including life science considerations, resulting in the
design of novel systems, which actively interact with the environment [1-3]. The design of
such systems is innovative and includes many more aspects than classical systems design,
e.g., variable stiffness actuators, soft robotics, dielectric elastomer actuators, artificial
skins. The significant amount of possible interactions between different engineering fields
increases the creativity and opens-up novel frontiers in design.

Humanoid robotics is a novel research branch [4], oriented to conceive systems with
human-like behaviour. However, the design of a machine, emulating the complexity of the
human body and mind, is a big step to pursue; therefore, many systems are conceived to
reduce the gaps between human and humanoid robots [5-7].

Among several human characteristics useful for humanoid robots, many research
efforts were dedicated to replicate the locomotion mechanisms of humans and legged
animals [8,9], which are considered the reference systems of the bio-inspired robotic re-
search [10]. The best compromise between locomotion performance and input power to
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the actuators is desired to reproduce bio-inspired locomotion in robots. Energy harvesting
approaches were proposed in [11,12] to optimize the input power to actuators during
the cyclic legged locomotion using passive elements. Calibrated actuations in biped and
guadrupedal robots were adopted to improve the locomotion performance [2,13]; algo-
rithms for locomotion control were implemented on legged robots, such as the central
pattern generator [14,15] and the simplified Zero Moment Point (ZMP) approach [16] to
perform biped locomotion in a planar surface [17]. In recent works [18,19], the dynamic
balance of biped robots is studied with the final aim to bypass the ZMP approach. However,
the dynamic balance is an important problem in biped locomotion, and in order to solve
the problem, some novel solutions have been conceived, e.g., wheels on feet [20,21].

Recently, some of the present authors have proposed a novel biped wheeled robot with
a flexible structure, named Rollo [22]. Rollo is a simple robot, merging the characteristics
of biped wheeled robots with flexible legs to increase the performance and minimize the
number of actuators. The robot flexibility helps the locomotion performance; however,
an undesired oscillation of the robot head during the locomotion is generated, as shown
in [23]. The head vibrations could reduce the dynamic balance of the robot, and a proper
attenuation of the head oscillations is necessary to increase the safety of the human-
robot interactions.

Indeed, vibration damping [24] is a common problem for several engineering fields,
e.g., civil [25,26], automotive [27,28], aerospace [29], and tooling machines [28]. Vibra-
tions are usually reduced through active devices and control strategy [30-32] or passive
damping [33,34]. In robotics, the vibration damping is studied for increasing the bipedal or
quadrupedal performance of robots, as shown in [2,13,35,36].

This paper aims at reducing the head vibration level without modifying the properties
of the robot. The robot head’s oscillations are analyzed in detail, evaluating some causes of
vibrations, e.g., the robot flexible structure and the friction with the ground. A solution to
reduce vibrations is proposed and implemented in the robot model.

In the proposed approach, the best compromise between performance and constraints
is a passive solution, i.e., a tuned mass—spring-damper system (TMD). The tuned vibration
absorber is probably the oldest and most commonly used passive device to attenuate
vibrations. The first patent on this kind of device belongs to Frahm [37]; the device was later
optimized for a single degree of freedom (sdof) system by Den Hartog [38]. The approach
is here tested on the Rollo robot, and validated with dynamic simulations. A TMD device
is designed and implemented on Rollo to asses the reduction of the head oscillations.

The prototype of the Rollo robot and its model are described in Section 2, The model
validation against experimental results is presented in Section 3. The robot head vibrations
are numerically investigated in Section 4 and a possible solution to attenuate the undesired
oscillations is proposed.

2. Rollo Robot and FE Model
2.1. Rollo in Details

Rollo, shown in Figure 1, was conceived as an avatar robot for people affected by
Amyotrophic Lateral Sclerosis (ALS) disease, able of being a controller using advanced
brain—-computer interfaces. ALS is a chronic neurodegenerative disease that reduces human
motion and interaction capabilities. A biped robot may be used to assist people affected
by ASL [22,39], and Rollo robot has been specifically designed for those patients, given its
simple architecture, lower power supply, and high vertical stability.

Rollo is a biped, flexible-leg wheeled-feet robot. The two legs are connected with a
beam-like structure at the top, horizontal and parallel to the ground. Each leg is connected
to the feet on the lower side. The robot head is located on the beam linking the two legs.
Each leg is made of one or more flexible modules. The robot feet are constituted by two
active driving wheels, two passive wheels to guarantee vertical stability, and one heavy
motor, chosen to increase stability and lower the center of mass of the robot. The weight of
the robot naked structure is almost 23.5 kg, and it is 30 kg considering also non-structural
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elements and accessories; the overall dimensions in the configuration with two flexible
modules for each leg are about 80 40 30 cm.

Two locomotion types are embedded in Rollo: human-like walking alternating the
motion of the feet, the focus of the paper, and simpler locomotion with the feet always
parallel, refer to [22] for more details. In the human-like locomotion type, the flexible
modules of each leg absorb energy and give it back, net of dissipations, in the next step,
i.e., as it happens in human walking. The human-like walking mechanism minimizes the
amount of external energy required for walking.

Rollo is driven by an input, which may be externally given to the robot by a joystick,
amobile, brain—-computer interface, or other communication systems. The input parameters
required to control the robot are the speed, locomotion type, and the direction (forward,
backward, turn left, turn right) [22]. Tests on Rollo locomotion were performed in [22],
in the configurations with two (Figure 1 right) and three (Figure 1 left) flexible modules
for each leg. The tests highlight better locomotion performance in the configuration with
two flexible modules for each leg and better capability to turn left or right for the robot
with three flexible modules in each leg; however, undesired oscillations of the robot head
were detected in each configuration [22]. The oscillations were neglected in previous works
focused on the design of the robot and locomotion control logic [22]. Head oscillations
should be avoided because they can compromise the interaction with people for which it is
conceived. In particular, Rollo is an avatar robot, and the head of the robot (constituted by
an iPad) has the webcam onboard, reproducing in real-time the external environment on
the PC of the patient. Furthermore, the iPad of the robot reproduces in real-time the video
of the patient for the interaction with people. Oscillations of the Rollo head are undesired
because they compromise Rollo communication capabilities.

Interactive head
with tablet

ROLLO
ROBOT

Flexible
odule

Motor

e
[=
U

Active
Wheel

Passive -k
Wheel [~

Figure 1. Flexible-wheeled biped robot Rollo.

Rollo design requires modifications to attenuate the undesired head oscillations.
The design changes must not change the robot nature, i.e., mass balance and human-like
locomotion logic. Therefore, the necessary changes have to comply with some constraints:
the robot mass cannot increase more than 1% of the total mass, the center of gravity vertical
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height cannot increase more than 3 cm, otherwise the robot vertical stability is compromised.
Moreover, Rollo’s overall dimensions and electrical range should not change.

2.2. Rollo Lupos FE Model

The structural model of the Rollo robot is developed using Lupos [40], a custom finite
element (FE) software developed at the Politecnico di Torino. Lupos is a parametric FEM
software able to handle the most common 1D, 2D, and 3D elements used in FE simulations.

The structural model of Rollo, shown in Figure 2, is implemented using: 1D Timo-
shenko beam elements, rigid joint elements, and a specific library of Lupos dedicated to
helical springs. The Timoshenko beam elements have rectangular or circular cross-section
and include bending, axial, and torsional behaviours; the rigid joints elements create
roto-translation kinematic relationships between master—slave nodes.

0.7

Axis y (m)

Axis x (m) Axis z (m)
Figure 2. Model of Rollo in Lupos environment.

Electric motors and gearboxes are very stiff elements, compared to the other com-
ponents’ flexibility; therefore, they are modeled as stiff beam elements, with equivalent
densities to match the component weights (3.6 kg each motor and 2.3 kg each gearbox).
Wheels are modeled as flexible bodies, with density and Young modulus of the rubber.
Cylindrical beam elements are used to model the driving wheels steel shaft, while flexible
steel beams represent the angular connections between the gearboxes and the stability
wheels. The beam linking the left and right side of the robot is discretized using aluminum
Timoshenko beam elements. Particular attention is given to the correct tuning of the elastic
modules, see Appendix A, since they are the responsible components of Rollo locomotion
and vibration transmission from the driving wheels to the head.

3. Design and Validation of the Rollo Model

Rollo head vibrations are a consequence of the mechanical system structural dynamics
properties; therefore, the system modal properties, i.e., natural frequencies, damping ratios,
and mode-shapes, should be investigated to detect the undesired frequencies inducing the
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head vibration and propose modifications solving the problem. A tuned model is required
to simulate the head vibration problem experienced during experimental investigation
in [22] and test the proposed solution with a modification prediction strategy on the
numerical model. Dynamics properties of the model and Rollo prototype are presented in
the following and their correlation is assessed to validate the model.

3.1. Numerical Modal Analysis of the Rollo Robot

Modal analysis [41] is a well-established mathematical technique to find out the
modal properties of a mechanical system. Numerical modal analysis (FEA) is performed
on the undamped Rollo model [41,42]. Global mass My and stiffness Ky matrices are
obtained from the Lupos model, which uses classical FEM matrix assembly technique [43]
to generate the global matrices. The total number of degrees-of-freedom (dofs) is N = 3432,
thus My, Kq, 2 RN:N_ Numerical modal analysis is performed on the reduced system
considering only the n active dofs. The reduction from the global number of dofs N to
the active dofs n considers the slave dofs depending on other masters (and active) dofs,
through kinematic relationships, and dofs on which boundary conditions are applied.
The reduced model posses a total of n = 2382 active/independent dofs. The mass M 2 R""
and stiffness K 2 R"" describing the dynamic of the independent dofs are obtained from
the global matrices as:

M=TMgT K=T'KgT )

where T 2 RN" js a transformation matrix taking into account kinematic master/slave
relationships and boundary conditions. The discrepancies between the total number of
dofs N and the independent number of dofs n is mainly due to the rigid connections used
to lock the deformation of two spires for each extremity of each spring, as discussed in
Appendix A. The eigenproblem in Equation (2) is solved for the R = 20 lowest numerical
natural frequencies wy and mode shapes ¥, 2 Rn.1:

(K w2M)F, =0 r=1,.,20 )

The problem is solved in almost free—free conditions, although soft lumped springs
are linked to the middle of the top beam to replicate the experimental setup, see Section 3.2.
Mode shapes F, computed on the n active dofs are expanded to the total number of dofs N:

I=TF 3)

where j, 2 RN'1 is the rth mode shape expanded to the system global dimension N.
The numerical natural frequencies f, = %wn of flexible modes are listed in Table 1 and the
numerical mode shapes j,, obtained through Equations (2) and (3), are shown in Figure 3
(on the left side of each sub-figure).

The mode shapes j, represent the vibration shape in terms of displacement, velocity,
and accelerations at each natural frequency of the system. They are defined unless of a
multiplicative constant; therefore, the absolute value is not essential, but only the overall
shape makes sense. In the figure, the colours represent the amount of deviation of the
mode shape with respect to the undeformed configuration: cold colours, i.e., toward blue,
represent a portion that is not moving, while hot colours represent portions of the system
which are increasingly vibrating from blue to red.
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(a) Mode 1 (b) Mode 2 (c) Mode 3
(d) Mode 4 (e) Mode 5 (f) Mode 6
(g) Mode 7 (h) Mode 8 (i) Mode 9

Figure 3. Robot mode shapes: numerical (left, solid colours) and experimental (right, transparent colours).

3.2. Experimental Modal Analysis of Rollo Robot

Experimental modal analysis (EMA) on the Rollo prototype is necessary to validate
the numerical model. EMA is performed in free—free conditions on the structural system
depurated of all the accessories. The robot is hanged up through soft elastic bands in the
middle of the up-beam, as shown in Figure 4A. Roving hammer test is performed on the
robot. The system was excited using a PCB 086C03 instrumented hammer, PCB 356A15
tri-axial accelerometers were used to measure the acceleration responses of the system.
The accelerometers are located in three points, shown in Figure 4A: right leg in the proximity
of the front stability wheel, left leg in the steel attachment between the two spring, and on
the up-beam in correspondence of the left leg beam attachment. The robot is excited in
16 points, shown in Figure 4B, in the three Cartesian directions, where physically possible.
In total, 46 dofs are excited.
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Figure 4. (A) Experimental setup and accelerometer locations, (B) excited nodes.

The excitation force and the measured responses are acquired using an LMS SCADAS
Mobile acquisition system. The acquired signals are processed using Siemens Test.Lab
software. Signals are measured for 4 s, with a sampling frequency of 4096 Hz. Inertance
frequency response functions (FRFs) are computed using H; estimator, averaged on five
impact repetitions. The exponential force window is applied to the force and exponential
windows on the response. In total, 138 FRFs are acquired. Modal properties, i.e., natural fre-
quencies listed in Table 1 and mode shapes shown in Figure 3 (right side of each sub-figure),
are identified using PolyMax algorithm [44] and optimized using MLMM [45]. Some of the
identified mode shapes show a consistent degree of complexity. Complex mode shapes
are an index of non-classical damping acting on the structure due to localized dissipations.
The experimental mode-shapes show a non symmetric behaviour; in particular, the left leg
is more flexible than the right one.

Table 1. Rollo numerical natural frequencies and experimental natural frequencies and damping ratios.

Mode Description Num. f, (Hz) Exp. f, (Hz) Exp. z (%)
1 1st legs bending out of phase lateral direction 0.527 0.492 54.92
2 1st legs torsion in phase 4.063 2.796 6.78
3 1st legs torsion out of phase 4.147 4.715 151
4 1st legs axial out of phase 6.471 5.316 5.94
5 2nd legs bending in phase 7.356 8.744 3.91
6 2nd legs bending out of phase lateral direction 8.008 7.964 2.28
7 1st legs axial in phase 8.175 7.431 3.62
8 2nd legs bending out of phase motion direction 10.05 11.91 5.01
9 2nd legs bending in phase motion direction 12.64 17.95 6.38
10 3rd legs bending in phase lateral direction 23.99 28.67 5.60

3.3. Model Validation

The modal properties computed using the numerical model described in Section 2.2
and the EMA identified modal properties (Figure 3 and Table 1) are compared to assess the
model goodness. Modal properties are compared using the modal assurance criterion for
complex modes shapes (MACX) [46]. MACX index is used to perform pairing between
two sets of modal vectors. The MACX is a real value between 0 and 1; it is MACX = 1 when
two mode shapes are exactly the same and 0 when two mode shapes are totally different.
MACX is defined as follows:
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. . i 2
IR+
MACX F,f, = . . : . (4)
LR LR PR TS LAY

where fj and F, are the two complex modal vectors to be compared, ( )T is the transpose

operator, and ( )H is the Hermitian operator (complex conjugate transpose). A matrix
of MACX values is obtained comparing the experimental and numerical sets of mode
shapes. In the ideal case that the two sets are the same, a matrix with 100% in the matrix
diagonal is expected. The MACX matrix obtained comparing the numerical and exper-
imental mode-shapes of Figure 3 is shown in Figure 5, where the spacing between the
modes is proportional to the modes natural frequencies. If the mode paring is close to the
iso-frequency line (black dashed-dot line), the mode shapes are similar, and the natural
frequencies are close.

Figure 5. MACX between experimental and numerical mode shapes.

The MACX matrix in Figure 5 shows a good correlation between numerical and
experimental modes: the MACX value is generally high and close to the iso-frequency line.
A good correlation between experimental and numerical modes is achieved for both mode
shapes and natural frequencies, highlighted from both the MACX matrix in Figure 5 and
the mode shapes graphical comparison in Figure 3. An exception is the first mode, which is
at a low natural frequency of about 0.5 Hz and the experimentally identified mode shape is
not reliable. Furthermore, numerical and experimental mode shapes 6 and 8 are switched,;
however, their natural frequencies are pretty close; hence the result is reasonable. The good
correlation between numerical and experimental modal properties validates the structural
model developed in Lupos.

4. Head Vibration Reduction of the Rollo Model: Results and Discussion

The robot structural dynamics model, tuned on the experimental results in the previ-
ous section, is used to perform a simulation of Rollo human-like locomotion and quantify
the head’s vibration level. The boundary conditions of the tuned model are updated to
reflect the locomotion condition: the elastic lumped elements representing the elastics
bands used during the experiments are removed, and additional boundary conditions are
introduced to represent the wheel-floor contacts. In particular, the vertical displacements of
the wheels are constrained, and viscous dampers are introduced at the wheel translations
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to model the dissipation at the wheel-floor contacts. The viscous damping coefficients
are tuned on the experimental evidence in [22]. The time-domain simulation of Rollo
human-like locomotion is performed to evaluate the head oscillations. A similar simulation
was successfully performed in [18] using a multibody model of Rollo, in which the two
elastic modules in each leg were modeled as lumped spring elements. The simulations
were efficient to evaluate the locomotion performance, but the model was too rough to
predict the head vibrations. The same locomotion simulation is performed with the present
tuned model in the Lupos environment. The driving torques provided by the motors were
simplified and substituted by the equivalent alternating horizontal force applied at the
wheels center.

4.1. Numerical Simulation

A simulation of Rollo forward motion on a straight trajectory is performed using the
procedure described in Appendix B. The Rollo mission is to advance 40 cm and stop in
front of the target point in 20 s. The simulation is performed in the modal domain using
the R = 20 lowest frequency modes. Rollo model completes the mission with 3 steps for
the right leg and 2 step for the left leg, shown in Figure 6.

Figure 6. Simulation of Rollo implementing human-like locomotion.

The forces applied on the left and right foot, shown in Figure 7b are calibrated to obtain
the wheel displacements, shown in Figure 7a, consistent with the human-like locomotion
experimental tests [23].

The simulation is representative of the human-like locomotion type of Rollo, and it
is adequate to assess the vibration level at Rollo head. The vibrations of the robot head
are evaluated at the center of the supporting beam on which the head is fixed. The head
vibrations are evaluated in term of longitudinal (along z) accelerations, which are shown
in Figure 8a. The spectrogram of the acceleration evolution during the motion, shown in
Figure 8b, highlights the harmonic mainly responsible for the undesired head vibration
at about 4 Hz. The detected frequency corresponds to the third mode shapes of Rollo
system, constrained with proper boundary condition representing the locomotion working
condition, shown in Figure 8c. The undesired oscillations are produced by the detected
mode-shape, which involves the bending of the legs’ elastic modules around the x-axis and
produces a horizontal vibration of the Rollo head.
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Figure 7. Rollo wheels displacement and applied forces during human-like locomotion.
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(b) Acceleration spectrogram. (c) Mode 3: 4.1 Hz, 2.2%.

4.2. Head Vibration Reduction

The head vibration problem is related to the 3rd mode shapes of the robot on the floor,
which has a relatively small damping ratio z = 2.2%. If the damping ratio of this mode
shape was increased, the vibration level of the Robot head would be substantially reduced.

The structural modification must be focused on increasing the 3rd mode shape’s damp-
ing ratio only; a general increment of the system dissipations would downgrade the loco-
motion performance, dissipating more energy at each step and reducing the robot range.

Head oscillation could be attenuated using an active control strategy; usually, a ve-
locity feedback control achieves pretty good performances in attenuating selective har-
monics [47-49]. An active control strategy requires a sensor and an actuator at the head
location to measure the dynamics and provide the force to attenuate the head oscillation.
The undesired vibration frequency is fy,q = 4.1 Hz; therefore, the active control logic
sampling frequency could be around 200 Hz, i.e., not extraordinarily high and suitable
for an iPad. Hence, the accelerometer sensor included in the iPad could be used as sensor
because the iPad is located at the robot head, precisely where the vibrations should be
measured. Therefore, the sensor is already included in the robot, without any structural
modification. The control logic could also be implemented in the iPad. The force could
be provided by an inertial actuator placed at the Rollo head [50]. The necessity of an
actuator is the main disadvantage of the active control strategy; the main reasons are:
(1) the size and weight of the inertial actuator able to provide the required force could
exceed the mass limit constrain and (2) it should provide a continuous force during the
robot locomotion, which means it requires continuous energy to be efficient which is even a
more important problem. Optimisation strategies to minimize the actuator required power
exist [51]; however, the energy used for the head vibration reduction substantially reduces
the robot range. The energy required is an important drawback of active control in the
specific application, which propounds for implementing a passive solution.
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The requirements for the selective increment of damping ratio and passive damping
design suggest the use of an optimized vibration absorber, placed on the supporting beam,
to attenuate head vibrations. A dynamic vibration absorber consists of a mass m, connected
to the primary system through a spring, having stiffness ky, and a viscous damper, having
damping coefficient c;. The dynamic vibration absorber adds a dof to the system, but if
the dynamic vibration absorber is tuned on a system natural frequency, it reduces the
original system oscillation amplitude. However, an additional natural frequency related
to the added dof is generated. The optimal calibration of spring stiffness ky and damper
viscous damping coefficients c, let to minimize the response amplitude of the system at an
arbitrary undesired frequency fng-

In the case of single degree of freedom system (sdof), the optimal values of mass and
stiffness are tuned on the undesired natural frequency f,,q and optimized to minimize the
amplitude of the two resonances in the inertance transfer function, as follow:

r S s
1 ks P— 3m3 ma

—, Cg= km —4mm—, m= =2 5
2p my 2(1+m)? m ©)

1
fund = 5

3| =]

where m and k are the mass and stiffness of the sdof system. The extension of the tuned
mass damper to multi degrees of freedom (mdof) systems makes the analytical computation
of ky and ¢, dependent on the system properties and the number of dofs. Therefore, in
the case of mdof systems, the spring stiffness k; and damper viscous coefficient c, are
minimizing the amplitude of the resonances of the transfer function between the input
force to the system in operative condition and the point of the system which has undesired
oscillations [52].

During the robot motion, the input forces are at the wheel-floor contacts, and the
reference output is the center of the head supporting beam, where the robot head is located.
The system input forces are the traction forces produced by the wheel-floor contacts; Rollo
has four driving wheels, two wheels for each foot. The total vibrations at the robot head
can be obtained using the superposition principle of the vibration produced by each wheel,
and since the traction forces are all the same during straight motion, the sum of the transfer
functions between each wheel and the head location had to be optimized. The value of the
vibration absorber mass m, is chosen considering the mass constraint given in Section 2,
i.e., my = 0.01mgt = 0.3 kg, where my,; = 30 kg is the total weight of the robot considering
structure and accessories. The spring stiffness k, and viscous damping coefficient c, are
obtained from the optimisation procedure. The objective function to minimize is the sum
of the resonances amplitude in the transfer function between the driving wheels and
the head location [43], in the frequency range 2 6 Hz, which includes the undesirable
resonance frequency f,,¢ = 4.1 Hz. The objective function trend changing k; and c,
is shown in Figure 9a. The optimal stiffness k; and damping c,, which contemporary
minimize the response amplitude of both the Rollo head and the dynamics of the vibration
absorber added mass m, are k, = 158.2N/m and ¢; = 3.2 N/(m/s), i.e., at the green
point in Figure 9a. The natural frequencies and damping ration of the two resonance are
f3 =3.3Hz,z3 = 12.7% and f;, = 4.6 Hz, z4, = 14.6%. The tuned mass damper increases the
damping ratio of the undesired dynamics more than one order of magnitude with respect to
the original design. The driving wheel-head transfer function obtained with the proposed
solution is compared to the original behaviour of Rollo’s head, in Figure 9b: the tuned
mass damper splits the original resonances into two peaks, as expected, the optimal value
obtained for k; and c, let to minimize the amplitude of the two peaks. The acceleration
amplitude of the head due to excitation at wheel location is reduced by one order of
magnitude, which is an excellent improvement.
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(a) Objective function values changing k, and c,. (b) Optimized robot response.
Figure 9. Optimisation of the acceleration at the supporting head beam during locomotion.

The forward motion simulation performed in Section 4 is performed again with
the implementation of the proposed tuned mass damper. The robot head vibrations are
compared to the original design in Figure 10. The amplitude of vibrations of robot head
generated at each step are successfully reduced: the acceleration peaks decrease, and the
vibrations are attenuated quickly. An objective evaluation of the TMD performance is given
by the RMS of the head acceleration: in the robot original design the RMS was 0.55 m/s?,
while in the improved version it is 0.34 m/s?.

3 T T T

=

Acceleration (m/s 2)
o

-1
27 — Original i
= = With dynamic absorber
_3 1 1 1
0 5 10 15 20

Time (s)

Figure 10. Acceleration of the supporting head beam during human-like locomotion using the
dynamic adsorber.

The human-like locomotion is not affected by the proposed modification, and this
is visible looking at the robot foot displacements. In Figure 11a, the foot displacements
obtained with the improved robot model are compared to the foot displacements of the
original design. The two simulations are performed with the same input forces, i.e., the
foot engine generate the same torques, and the foot displacements are almost the same
in the two simulations. Hence, the dynamic absorber does not affect the locomotion, as it
was required by the admissible modification constraints. The elongation of the dynamic
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vibration absorber spring ka, shown in Figure 11b, is important to verify the dimensions
constraint. In the actual simulation, the maximum elongation is less than 3 mm, which gives
good confidence in the solution feasibility without increasing the overall robot volume.
The constraint regarding the center of gravity position is respected, as well: the Rollo
center of gravity in the original design was at 25 cm from the floor, while it is at 25.5 cm
considering the additional vibration absorber in the enhanced version.

0.4 73— 3
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—_ 0.3 17 4
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(a) Locomotion with vibrations absorber.

(b) Vibration absorber elongation.

Figure 11. Wheels displacement and absorber elongation during human-like locomotion using the dynamic absorber.

4.3. Dynamic Vibration Absorber Design

The optimal parameters defined for the dynamic vibration absorber m;, ka, and ¢,
are considered the reference values for designing a real device to be placed on Rollo.
The conceived dynamic vibration absorber is an external box fixed under the head sup-
porting beam, as shown in Figure 12a. The device box is composed of two plastic shells on
which adequate holes and extrusions are designed to accommodate the dynamic vibration
damper elements. The additional mass my = 0.3 kg is represented by a steel cylinder
12.8 cm long and with diameter 2 cm, shown in Figure 12b. Two pins at the cylinder
extremities run inside two horizontal slots obtained on the plastic shell and support its
vertical load. The stiffness k; = 158.2 N/m is obtained through 4 helical springs fixed on
plastic extruded pins on the shells surface and adequate seats on the steel mass, as shown in
Figure 12a. The steel springs’ wire diameter is 1.24 mm, the helix diameter is 8 mm, and the
active spires are 3, resulting in a stiffness ks = 39.25 N/m for each spring. The viscous
damping coefficient c, is obtained using rubber h-section seals, fixed on both the plastic
shells and the vibrating steel mass, as shown in Figure 12b. The length of the rubber seal
is adjusted to obtain the correct damping value. Finally, the proposed TMD box can be
simply placed on the Rollo robot, without any invasive change to robot design.
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(a) Vibration absorber located at Rollo head. (b) Device sections views.

Figure 12. Dynamic vibration absorber design.

5. Conclusions

The oscillation of the head in biped robots is a problem in humanoids research, and it
is increased if the robot is flexible or has flexible legs, like the Rollo robot presented in this
paper. A simplified model of Rollo was developed in the Lupos environment and shown
to be helpful to predict its dynamic behaviour, both in frequency and time domains. The
vibration due to the elastic modules bending is compensated by a tuned vibration absorber,
which selectively increases damping at the undesired vibration frequency. The proposed
solution decreases the vibration amplitude by one order of magnitude so that the head
vibrations are quickly attenuated. If necessary, other tuned vibration dampers could
be placed simultaneously to reduce the vibration amplitudes due to higher frequency
modes. The dynamic vibration absorber device is designed to validate the feasibility of the
proposed solution.

This research could be considered as a main contribution towards vibration damping
research in flexible-biped locomotion. The same approach could be used on other platforms
for increasing the dynamic balance performance of biped robots. Future works could be
oriented to define this research problem in a general mode.
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Abbreviations
The following abbreviations are used in this manuscript:

ZMP zero moment point

TDM tuned mass-spring-dumper
sdof single degree of freedom
ALS amyotrophic lateral sclerosis
FE finite element

FEM finite element method

FEA finite element analysis

dof degree of freedom

EMA experimental modal analysis
FRFs frequency response functions

MACX  modal assurance criterion for complex modes shapes
MLMM  maximum likelihood estimation of a modal model
mdof multi degree of freedom

RMS root mean square

Appendix A. Tuning of the Flexible Module

In multibody system dynamics, springs are usually modeled as lumped parame-
ters [53-55]; however, in the Rollo architecture, springs are not only elastic elements but
mostly structural elements, and their mass can not be neglected. Each flexible modulus
is composed of a spring and two steel attachments. The springs have 13 and 15 spires,
respectively for the lower and upper modules. A lumped parameter representation of
Rollo elastic modules is not enough to reproduce Rollo vibrational behaviour; hence, they
are modeled as real springs using the helical spring Lupos library. The library uses 1D
Timoshenko beam elements to simulate the spring behaviour, using the geometrical di-
mensions and material properties. The helical springs are modeled using cylindrical beam
elements, with the cross-section diameter equal to the spring wire diameter, wrapped
on the helix defined by diameter and pitch of the spires. Each spire of the spring is dis-
cretized using eight beam elements. Springs are assembled to the entire structure using
steel attachments, as shown in Figure A1A, which are the thick rectangular plate with
a cylindrical hollowed extrusion. The external surface of the cylindrical extrusion fits
with interference in the internal diameter of the spring helix. In the model, an attachment
is represented using a thick rectangular beam, representing the attachment base and a
cylindrical beam fitting with the helix spring. The correct simulation of Rollo dynamics
requires to know the number of inactive spires. However, the interference fit between the
inner diameter of the extremity spires and the steel attachment does not let to understand
the number of active spires easily. The number of active spires depends on the amplitudes
of the oscillation due to the assembly technique. Since modal analysis holds only for a
linear system, which requires small oscillation amplitude, the number of active spires is
tuned on the experimental dynamics of the spring alone, under small oscillation amplitude.
Experimental tests are performed on a single spring, with lower and upper attachments.
The lower part of the spring is fixed, as shown in Figure A1A. The spring is excited using a
modal hammer, and the response is measured using a tri-axial accelerometer. Experimental
natural frequencies are reported in Table Al. The number of inactive spires required to
minimize the difference between experimental and numerical natural frequencies results
in two spires for each extremity of the spring. The modal properties of the tuned model,
listed in Table Al, agree with the experimental results. The tuned dynamic model of the
elastic modulus, which first bending mode shape is shown in Figure A1B, is implemented
in the Rollo structural model.



Appl. Sci. 2021, 11, 2945

16 of 19

Figure Al. (A) Spring experimental setup, (B) numerical bending mode shape.

Table Al. Experimental and numerical natural frequencies of the fixed—free spring.

Mode Description Exp. fn (Hz) Num. f, (Hz)
1 1st bending 29.6-35.0 29.82-30.45
2 1st axial 95.16 93.94
3 1st torsional 105.98 97.08
4 2nd bending 187.47-210.32 185.9-216.7

Appendix B. Time Domain Simulations Theory
The equation of motion of the robot is represented by:

MX+ Cpp+C x+Kx=1f, x(t=0)=xy X(t=0)=vg (A1)

where M and K are respectively the mass and stiffness matrices, defined above. Propor-
tional viscous damping is assumed for the distributed dissipation of the system, modeled
through the damping matrix C = TT aMg + bKg T 2 R™", where Mg, Kq and T are
defined above and a = 3.31 rad/s and b = 0.0005 s/rad are respectively the mass and
stiffness proportional viscous damping coefficients fitting the experimental damping ratios
in Table 1 via the damping ratio definition for viscous damped systems z; = % wi, + bw; .
A non-proportional viscous damping matrix Cnp 2 R™" is also introduced to model the
effect of the localized dissipation at the wheel-floor contact. f 2 R™! is the vector of the
external forces acting of the system, i.e., the input to the system. xq 2 R™! and vy 2 R™
are respectively the displacement and velocity initial conditions, and x, x, X 2 R™! are
respectively the displacements, velocity, and acceleration vectors.

The second order ordinary differential equation in Equation (A1) is written in first
order form using the so called Duncan approach [56]:

Cpp+C M x K 0 x _ f
M o x 0 ™M x 0 (A2)
x(t=10) =xg, x(t=0)=vg
or in compact form
Ay+By=F, yt=0)= x]Jv{ T (A3)
where A,B 2 R2"2" F 2 R?"! andy,y 2 R#1L,
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The human-like locomotion of the Robot is simulated imposing alternately the traction
longitudinal force to Rollo’s feet, i.e., a time dependent input forces f according to the robot
steps. The first order ordinary differential equation Equation (A2) is efficiently solved using
the superimposition principle in modal coordinates [42,57], i.e., solving 2n uncoupled
equations in modal coordinates h and then applying direct modal transformation y = yh
to obtain the system evolution if the physical coordinates x. However, the locomotion
simulation is a non-classically damped problem, because of the localized dampers presence
at the wheel floor contact. Therefore the exact modal base y representing the system has to
be obtained solving the eigenvalue problem related to Equation (A3):

(sstA+B)y, =0 (A4)

wheres; 2 Cand y, 2 C2"1 are respectively the rth pole and mode-shape of the system.
The system modal matrix to be used in the modal transformation is y = [y;,..., ¥l
Performing the direct modal transformation, i.e., y = yh, and pre-multiplying Equation (A3)
with yT, it follows:

yTAyh+y ' Byh=y'F (A5)
The A, B-orthogonality theorem [41] guarantees the coefficients matrices in Equation (A5)
to be diagonal: > 3 > 3
y'Ay=4 a 5 y'By=4 b 5 (A6)
& &
where ar, by 2 C are the modal constants of each mode shapes, which can be related as
Sy = g—: Thus, Equation (A5) is a set of 2n uncoupled equations as follows:
. Fr
hr Srhr = ;, hr(t:O) = hor, r= 1,,2n (A?)
r

where F; 2 C and ho, 2 C are the rth components of respectively the force vector and the
initial condition in modal domain, respectively defined as:

2 3

F=y'F, hy=%4 1/a Sy'Ayy; (A8)
&

Equation (A7) is a first order forced ordinary differential equation, whose solution is
obtained as the sum of the homogeneous solution h,(t) and a particular solution hy , (t)
obtained from a convolution integral. The time evolution of each modal coordinate is
analytically derived as:

z

t,.
he(t) = hry (1) + he (1) = ho e + ai Fes(t Ddt, r=1,...,2n (A9)
r

0

The response in physical coordinates is obtained applying direct modal transformation
y = yh. This procedure is advantageous because avoiding the integration of the equation
of motion of the system (A1) through numerical approaches reduces the computation
effort required. Moreover, a model order reduction could be easy implemented in the
modal domain, considering only 2R < 2n low frequency mode shapes of the modal base,
ie,y 2 CNR
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