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Abstract: The adaptive morphology of a robot, such as shape adaptation, plays a significant role in
adapting its behaviors. Shape adaptation should ideally be achieved without considerable cost, like
the required power required to deform the robot’s body, and therefore it is reasonably considered
as the last resort in classical rigid robots. However, the last decade has seen an increasing interest in
soft robots: robots that can achieve deformability through their inherent material properties or
structural compliance. Nevertheless, the dynamics of this type of robots is often complex and
therefore it is difficult to substantiate whether the cost like the required power for changing its shape
will be worthwhile to achieve the desired behavior. This paper presents an approach in the
development and analysis of a shape-changing locomoting robot, which relies on the ability of
elastic beams to deform and vibrate. Through a proper use of elastic materials and the robot’s
vibration based dynamics, it will be shown both analytically and experimentally how shape
adaptation can be designed such that it leads to desirable behaviors, with better power efficiency
compared to when the robot solely relies on changing its control input. The results encourage
emerging direction in robotics that investigates approaches to change robots’ behaviors through its
adaptive morphology.

Keywords: Shape Adaptation; Power Efficient; Behaviors; Elastic Structure; Soft Robots.

1. Introduction

By observing examples from living and artificial systems, it has been shown that morphology
plays a significant role in their behavior [1-4]. In robotics, behavior is commonly defined as the
robot’s dynamics resulting from the interaction among its control input, body morphology and
environment [3,4]. Recently, the importance of adaptive morphology, such as shape adaptation, is
also emphasized as an emerging design principle that can extend dynamic performances which may
lead to different behaviors and even contributes to added functionalities [5-7].

Nevertheless, one of the main challenges in shape adaptation is the need of materials or
structures that can be deformed easily without considerable cost, such as the power required by the
robots to deform them [8,9]. It is therefore reasonable that shape adaptation in classical rigid robots
is commonly considered as the last resort or may not even be considered at all, and most of them
reasonably rely on their control input to adapt their behavior. Classical examples of shape adaptation
in robots made of rigid materials are modular robots, where different rigid modules controlled by
dedicated planners are able to reshape themselves to adapt their behaviors and functionalities [5, 10—
13]. Nevertheless, due to the use of rigid components, modular robots are primarily used as proof of
concept due to the mechanical complexity and high-power requirements [5].

In this regard, the last decade has seen a lot of interests in robots at least partially made of soft,
deformable and elastic materials, commonly referred to as soft robots [8,9,14-18]. Due to the ability
to flexibly deform, it is expected that the robots can be more adaptable, energy efficient and safer to
use than the conventional rigid material robots. When it comes to soft robots, it is proposed that the
key word is deformation [8,9]. In soft robotics, deformation can be achieved through inherent
material compliance such as elastic bag filled with granular matter [19,20] or fluid driven elastomers
(21; 22) as well as structural compliance like tensegrity structures [23, 24] or deformable elastic beams
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[25-27]. Some of the applications of soft robots include grippers [19; 21; 28] assistive wearable devices
[29; 30], medical robotics [31; 32] and locomotion [20; 22; 23; 25; 27; 36]. In terms of locomotion, in
more details, different mechanisms have been investigated in the last few years including those
driven by jamming mechanism[20], pneumatic based actuation [22], tensegrity structures[23; 24; 33—
35] as well as vibration induced locomotion [25-27; 36].

One of the most important features of soft robots is its potential shape adaptation ability. In soft
robotics, shape adaptation has been investigated based on various approaches like origami,
tensegrity structure, adhesive materials and growing soft robots (37—41). Nonetheless, among all the
approaches, none of them attempts to quantify the balance between the cost for changing the shape,
such as the required power or energy, and whether it results in the desirable behavior. Aside from
shape adaptation, another active area where adaptive morphology is investigated is stiffness
adaptation. Here, for example, the stiffness of the robot can be varied under certain stimuli such as
temperature, electric or magnetic fields, and pressure (42-45).

From fundamental perspectives, there are studies that focus on demonstrating that complex
control problems can be simplified by an appropriate choice of morphology such as in locomotion
(46-48) or grasping (19; 21). The result, along with the possibility to adapt a robot’s behavior through
adaptive morphology, leads to proposals of fundamental concepts to explain how both control and
morphology affect a robot’s behavior (49-51). One of the latest proposals is known as the concept of
control morphology (CM) space as shown in Fig. 1 (50). The concept emphasizes that if a robot can
change its morphology, such as shape, then it can adapt the behavior by either changing its
morphology, control input, or both. The term control input, such as motor control input, noticeably
means the common control input used to change the robot’s behavior assuming that it is notable to
change its morphology.

As previously explained, shape adaptation in classical rigid robots is reasonably considered as
the last resort or may not even be considered at all. In other words, from the perspective of CM space,

Controla

&

F;

’
e e e e

E--

> Morphology

Figure 1. The motivation of this research based on the concept of Control-Morphology (CM) space
proposed in (51). B1 until B6 show particular behaviors of a robot depending on the control input
given to the robot and its morphology such as shape. The path P;-P;, show the path taken in CM
space to reach a particular behavior. Based on the concept, it can be seen that as traditional rigid
body robots generally have a fixed morphology or require high cost such as the required power to
change their morphology, the behaviors generally lie on a fixed point on morphology axis and
moves along the control-space(e.g. path Pi or Pj; representing rigid robot (52; 53)). On the other
hand, as it may be less costly for soft robots to adapt its morphology, it should have more flexibility
to travel the CM space by either changing the control input (e.g. path P; or Pj;),morphology (e.g.
path Pj; representing shape-changing robots such as origami robots (37; 38)) or both (e.g. path P;, (6;
54))
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the robots commonly take the vertical paths, P; and P;;, shown in Fig. 1. However, soft robots
with compliant body, either based on inherent material properties or structural compliance, may take
other paths shown in the figure through shape adaptation. Nevertheless, the dynamics of robots
made of soft and elastic materials is commonly quite complex due to its deformability and compliance
(8). Therefore, it is difficult to substantiate whether the cost to perform shape adaptation, such as the
power required, will be worthwhile to achieve the desired behavior. Moreover, referring to Fig. 1, it’s
intriguing to quantify and see whether taking the horizontal paths, i.e. changing the shape, in soft
robots will be worthwhile in terms of cost such as power required compared to taking the vertical
ones, i.e. changing the control input.

This paper presents an approach in the development and analysis of a shape-changing
locomoting robot, which relies on the ability of elastic beams to deform and vibrate. The robot is
elastic, easy to develop, low in cost, light in weight and can be developed easily by using
commercially available. The robot can also be actuated by a single motor, meaning that it only
requires one control input which will ease the analysis. Moreover, as the deformability of the robot
relies on a structural compliance of elastic beams, the deformation may not be as complex of robots
made of softer materials, which will also make the analysis easier. It will be shown that due to the
use of elastic materials, the required power to change the robot’s shape will not be significant. On the
other hand, through a proper characterization of the vibration-based nature of the robot’s motion,
the robot can be designed such that shape adaptation will lead to different desired behaviors. In other
words, it will be shown both analytically and experimentally how shape adaptation can be designed
such that it leads to desirable behaviors with better power efficiency, compared to when the robot
solely relies on changing its control input to achieve them.

The rest of the paper will be organized as follows. In the second section, the basic concept and
mathematical model of the robot will be explained including how it can be used to characterize the
robot’s behaviors and the required power to change them. The third section explains the developed
robot and experimental setup, while fourth section explains the experimental results that focus on
the analysis of the required power to change the behavior of the robot by changing its shape and
control input. Finally, the conclusion will be made in the last section along with possible future works.

2. Basic Concept and Relevant Mathematical Model

The structure of the developed robot can be explained by Fig. 2 and made of elastic beams. The
mass of the foot and the mass of the curved beam is negligible when compared to the mass of motors
placed at the center point of robot body. Thus, we model the dynamics of the robot based on this
figure as a mass spring system. Due to the use of elastic material to form its body, it is assumed that
the robot can change its shape to two extreme configurations as also shown in the Fig. 3. The first one
is referred to as upright position, while the second one is flat position. Because the shape resembles an
inverted U-shaped curve and the robot will be mainly made of elastic beam, from this point onward, it
will simply be called Inverted U-Shaped Curved Beam Robot (IUCBR). From application point of view,
the robot is designed with the particular shape such that it will be straight forward for the robot to

1
Body mass, m
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I

Motor mass, !
i '

%{}()t ating mass,

T

Hind mass, m,,
x 7

Figure 2. Equivalent schematic diagram of the physical robot used in this paper.
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(a) (b)
Figure 3. A simplified version of the schematic diagram of inverted U-shape curved
beam robot in the two of its configuration used for the purpose of mathematical modelling.
(a) p the angle between the robot body and the vertical, being = 30° referred as the upright
position. (b) And, (90° — ), the angle between the robot leg and horizontal is = 60° being
referred to as flat position.

lcos 3

kr.dy

Front mass, m
7z

Hind mass, my,

deform and change its shape to travel in con spaces, a common challenge in studies on soft robot
locomotion (20; 22). It is therefore reasonable to see whether it is possible to have different behaviors
that are more suitable to deal with normal or confined spaces through the robot’s shape changing
ability, with the assumption that the required power to change the shape can be minimized due to the
use of elastic materials.

In terms of modeling, for the sake of simplicity, we assume that the robot structure has negligible
foot and curved beam mass as compared to the mass of motors that will be placed on the robot body.
Also, lumped mass concentrated at a single point is assumed instead of distributed mass of different
parts. As shown in Fig. 3, the mass of hind foot and front foot 11, and m,are assumed to be concentrated
at the middle and lowest most point of the robot legs. k; and d; represent the longitudinal springs
stiffness and damping coefficients of the elastic material strips used to make the robots legs. Similarly,
kg and dg symbolizes the elastic beam torsional spring stiffness and damping coefficient respectively. As
mentioned in previous research (25), for the sake of simplicity d; can be neglected.

The mass of the robot, which may include instrumentation required to change the shape of the
robot and collect experimental data, is indicated by body mass, m, and is approximated to be located at
the centre and topmost position of the robot body. I refers to the leg length that is considered to makes
an angle with a vertical line at the top of the robot. Fig. 3a shows IUCBR in upright position and it is
assumed that angle = 30° while for other configuration shown in Fig 3b that angle (90° - 8) = 60°.

All in all, the equivalent mass spring model of the robot shown in Fig. 3 is analyzed with the
following assumptions for linearization and simplicity:

1. The wide feet of the robot are sufficient to balance the curved beam robot in frontal plane
thus we focus primarily on the locomotion in the sagittal plane. In other words, the motion
is only considered along the x and z axis shown in Fig. 3.

2. The combined mass of DC and servo motor is approximated at the top centre point while
robot foot mass is at the bottom of the leg.

3. The linear and rotating ability of the elastic material is represented by longitudinal and
torsional spring element placed at their dominant spots i.e. at the midpoint of the legs and
at the centre top point of the body respectively.

4. The longitudinal and the torsional stiffness coefficients as mentioned in the previous
assumption are linear and constant irrespective of the motion of the curved beam robot.

The key assumption related to the change of the expected behavior based on the design and shape
changing ability is the difference of the resonance frequencies of the robot in different shape. Resonance
frequency is a well-known concept in vibration dynamics which states that the induced vibration in a
structure will show a distinct motion with large amplitude if the frequency that causes the vibration
matches the natural frequency of the structure (25). As will be shown, the motion of the robot will be
explained based on two resonance frequencies, denoted as torsional and longitudinal ones, whose

http://mc.manuscriptcentral.com/ad-behav
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values will change due to the change of the robot’s shape. The longitudinal oscillations will cause the
robot to swing back and forth in the sagittal plane along x axis while torsional oscillations will generate
distinct up and down hopping in sagittal plane along z axis (25). Because of the distinct motion driven
by different resonance frequencies at different shapes, it is hypothesized that the change of the robot’s
shape can lead to the desired behavior in the context of moving in a vertically confined space. On the
other hand, it is also assumed that the power required to change the shape will not be high due to the
elasticity of the robot body. In relation to the assumptions, the next two sub-chapters will discuss deeper
on the relationship between the two resonance frequencies and the robot’s shapes. Here, for the sake of
simplicity, it is also assumed that when IUCBR in upright position the angle § approximately equals to
0°, while for the flat configuration, the angle f is assumed to be 90°.

As derived in the appendix, for the upright and flat configuration the torsional resonance
frequencies are as follows, where the subscript UT stands for upright torsional and FT stands for flat
torsional:

Furthermore, the longitudinal frequency for both the configuration is defined as follows where the
subscript UL and FL refer to upright longitudinal and flat longitudinal respectively,

2k, 2
Wyl = Wr|, = 7

From the detailed mathematical model described in the Appendix section it is noticeable and later
supported with experimental results, that we can vary the locomotion behavior of the robot by changing
the configuration, i.e. shape of the robot. By observing equation 1, 2, 3 and 4, assuming that the torsional
resonance frequency is larger than the longitudinal one, it is indicated that the two resonance
frequencies will be closer to each other when the robot is in the upright configuration compared to
when it is in the flat one. On the other hand, the opposite situation is expected if the torsional frequency
is smaller than the longitudinal one.

Atany case, as previously explained, the longitudinal oscillations are responsible to cause the robot
to swing back and forth in the sagittal plane along x-axis while torsional oscillations are responsible for
up and down hopping movement in sagittal plane along z-axis. Therefore, having the two resonance
frequencies close to each other should cause the robot to display behaviors of attempting to hop
diagonally forward. On the other hand, if the two frequencies are clearly separated, there’s a higher
possibility to induce frequency close to the torsional or longitudinal frequency alone. In this case, it is
reasonably more interesting to induce frequency close to the longitudinal frequency as it is supposed
to cause the robot to have tendencies to purely slide forward instead of hop on its own place. Based on
the characterization, the expected behavior when the robot is in upright and flat position should
therefore be more suitable for normal and confined space respectively. It must of course be kept in mind
that a robot’s behavior will also depend on the environment, i.e. surface, as behavior is a result of the
whole interaction among control input, body morphology and environments. At this stage of the study,
we perform the experiments on a fixed surface as will be explained further in the next section.

3. Experiment Setup

In this section, we will describe in detail the design and implementation of the IUCBR for real
world experiment. The objective of the experiment is to verify the assumption that the robot can adapt
its behavior as desired while minimizing the required power by taking advantage of its shape
changing ability. In this study, we consider the minimization of power instead of energy because the
calculation of energy would also depend on how frequent there is a need to change the robot’s shape
and control input which depends on the application.

http://mc.manuscriptcentral.com/ad-behav
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3.1. The Developed Robot and General Setup

“\Curved Beam Robot

Figure 4. Inverted U-shape curved beam robot (IUCBR) whose components include DC motor,
servo motors for shape changing ability and accelerometer to record the data.

Table 1. Mechanical parameters and their values of the real world Inverted U-shaped Curved Beam

Robot (TIUCBR).

Property Value Unit

Height of the robot 0.108, 0.124, 0.136 m

Length of the robot 0.183 m

Length of rotating mass 0.047 m

Mass of robot body 0.034 kg

Mass of DC motor with mount 0.022 kg

Mass of servo motor 0.017 kg

Mass of the accelerometer 0.040 kg

Rotating Mass 0.001 kg

Mass of IUCBR 0.127 kg

The inverted U-shaped curved beam robot (IUCBR) is made of compliant material in the form
of an elastic metal beam referred as the body, attached to two horizontal metal strips called as the
foot as shown in Fig. 4. The size, mass and relevant mechanical parameters are described in Table 1.
The size of IUCBR is chosen as such to have a reasonable size for carrying out experiment easily on
widely available standard wooden office tables. Additionally, the wooden surface of the table was
also shown as adequately hard to demonstrate vibration-based locomotion (25; 26; 27). The curved
beam robot is formed by cutting out two equal length long strips from electrical trunking, and acrylic
foam tape with shear strength > 200 gm/cm? is used to attach them. The final robot dimensions can
be seen from Table 1.

We attach a brushless DC motor and a rotating mass on the rear leg of the robot. A Gulf Coast
Data Concepts X200-4 USB impact accelerometer which is used to collect the data is placed at the
topmost centre part of the robot body. Two Power HD-1160A miniature servos are placed under the

Application Settings
Robot Control Settings
Robot Height Control
Servo Angle Setling (0 - 170): i40 0 \

Enable Servo Setting

Robot Mavement Control

]
Curved Beam Robot & Robot Motor Fixed Input Voltage (0-5V) [3s.f]: |2.20

% DFRduino UNO R3 Fixed Input Voltage Runtime (sec) [3s£] - 220
with Motor Shield

Run Robot Stop Robot
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@) (b)

(c) (d) (e)

Figure 5. The complete real-world experimental setup. (a) & (b) show all the hardware
components and software GUI to control the input to the IUCBR respectively. (c), (d) and (e)
show the robot in different configurations namely 40, 30and 20. From application point of
view, when it is necessary for the robot to go under potential confined spaces with different
heights, shape changing ability enables the robot to achieve it. Also defined here is the
configuration angle, which is measured as the angle between the horizontal and the shaft
connected to servo motor.

joined strips in 3-D printed casing to hold them. The servo horns are replaced with 3-D printed shaft
and is tied to the body near the foot. The presented structure is very easy and cheap to build, light
weight and requires no complex control structure in order to move. The morphological design of the
IUCBR is the main determinant of the robot locomotion in the presented design. The elasticity of steel
strips makes the robot deformable and helps in its shape changing ability.

Based on the model explained in previous section and the discussed assumptions, we conduct
experiment with the detailed experiment bench setup shown by Fig. 5. Fig. 5a exhibits the IUCBR
with power supply and DFRduino board placed on a standard wooden office table with a size of
1.5W x 6’L x 2.5'H. The top surface is laminated high pressured board with 18mm thickness. To
measure the actual the input voltage and DC current across the terminals of DC motors, voltmeter
and ammeter are connected in parallel and series respectively. Fig. 5b shows the software GUI to
input the values for the used DC and servo motors, while Fig. 5c-5e shows the different
configurations, i.e. shapes of the robot, through the use of the servo motors. The three values are
chosen because they demonstrate different behaviors in different shapes.

Fig. 6 shows the IUCBR in motion for 30° configuration on experiment bench. The straight
marking lines with spacing of 10 cm from each other served as a reference for measuring the distance.

Based on the research and analysis of previous research (25), it is easier to directly determine the
relevant resonance frequencies rather than the involved stiffness in the model. Thus, similar to the
procedure explained in (25), verifying equation (1) & (2) and (3) & (4), we determine the torsional and
longitudinal frequencies by fixing the robot on the wooden table and gradually increase the voltage
supplied to the DC motor that actuates the rotating mass while observing the vibration patterns of
the robot when the robot is in the upright position, i.e. 40 configuration, and flat position, i.e. 20°
configuration. Based on the observation, torsional vibration and longitudinal vibration of the [IUCBR
in upright position, induced by the rotating mass, has frequencies wyr =23.4 Hz and wyp = 19.3 Hz
respectively. While for the horizontal configuration of IUCBR, the torsional vibration and
longitudinal vibration frequencies were recorded to be wpr =27.2 Hz and wp. = 17.6 Hz respectively.

t=8.52scc

t=0.0sec t=11.37sec
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(b)

t=0.0sec t=18.52sec t=11.37sec

(d) (e) (f)
Figure 6. Snapshots of IUCBR in motion in 30 configuration on experiment table with four
straight lines drawn at spacing of 10cmeach and top right value shows the time taken to reach
that point from the starting point x = 0 at t =0. The two rows differ in the input power supplied
to the IUCBR which are 0.029W (V = 1.1V, I = 0.026A) and 0.078W (V = 1.7V, I = 0.046A)
respectively. (a), (b) & (c) show the points reached by the robot at the same time but different
supplied power.

The set of these values aligns with the derivation above, showing that if the longitudinal
frequency is lower than the torsional one, then the two resonance frequencies are closer to each other
when the robot is in the upright position compared to the flat position.

3.2. Experiment Procedure

In order to analyze the control-morphology space of the IUCBR, we investigate how its behavior
is affected by both control inputs (voltage amplitude, V thus affecting driving frequency that actuates
the rotating mass shown in Fig. 4) and morphology (in this context, shapes of the robot). To observe
the behaviors, we measure the acceleration in different coordinates and then find the resultant
magnitude

M = [[(PFPF)| 3

and arctan,

y = tarctan(PF,PF,) 4

where PFx and PFz are values of power coefficients of the vibrations obtained from accelerometer
and calculated by using FFT (Fast Fourier Transform) in x and z direction. Here, M is the magnitude
of power coefficients and is measured from the ground. We ignore power coefficient in y axis because
as already mentioned that the legs are wide enough such that it can be assumed that there’s no
significant difference in motion about the sagittal plane.

To analyze the robot’s behavior in different shapes, we run 10 trials for the robot for each shape
over a distance with a certain input voltage supplied to the DC motor. At each of this voltage V , we
also record the supplied current I and thus calculate the power P supplied to the robot using P = V*I.
To change the control input, we increase voltage V that rotates the rotating mass shown in Fig. 4 from
0.9V to 1.8V and as a result the current I from 0.020A to 0.055A. It means we gradually increase the
power P from 0.018W to 0.097W. To change the shape, we use servo motor shown in Fig 4. The power
required to actuate the servo motor is 0.008W. Both the change of control input and the change of
shape happens instantaneously.

http://mc.manuscriptcentral.com/ad-behav
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| — //// A S
= ||(PFy, PF,)||,

A e = Larctan(PFz,PFx)

.
tu,
*,

Figure 7. The schematic representation of the resultant magnitude M and its direction based
on the value of the power coefficients PF_x & PF_z. Here the robot is in 30 configuration. The
inset figure shows the resultant of magnitude and direction at the top of the robot
corresponding to different input voltages.

By installing an accelerometer, we record the acceleration in the three axis and then use FFT to
convert the data in frequency domain to get the power coefficients. The magnitude and phase of the
obtained power coefficients of the resulting vibrational power PFx and PFz indicates the behavior of
the robot as shown in Fig. 7. The shape of the robot is changed until all the three possible
configurations (40, 30 and 20) are covered and the results for each shape can be compared. Here, the
assumption is that because the change of the shape will change the values of the two resonance
frequencies of the robot, it will be dominant in changing the robot’s behavior while the required
power to change the shape is minimized due to the use of elastic material.

The result will also be analyzed compared with the explained mathematical model, although we
would like to emphasize that in real world experiment it is not possible to achieve a completely
upright and flat shape such as assumed in the model. Nevertheless, as will be explained later, the
results show adequately similarities with the model.

4. Experiment Result

The main goal of the experiment is to verify the main assumption that the robot’s ability to
change its shape will have significant role for adapting the robot’s behavior while the required power
for the purpose can be minimized. As explained in the previous section, changing the shape of the
robot is supposed to lead to two main behaviors: when the robot is in upright position, its two
resonance frequencies will be close to each other and will cause the robot to have tendencies to hop
diagonally forward. On the other hand, when the robot is in flat position, it is possible to induce
frequency close to the longitudinal frequency alone such that the robot will have tendencies to purely
slide forward. For simplicity sake, the first behavior will be called “tendencies for hopping” or simply
“hopping” and the second one will be called “tendencies for sliding” or simply ”sliding” throughout
the rest of the paper. While it is not the focus of the study, as explained in the previous section, from
application point of view the two behaviors should be useful to deal with normal and confined spaces
respectively.

The result and analysis will be presented based on the experiment procedure explained in the
previous section. In the next sub-section, we will firstly present the result and analysis on how the
change of control input and shape of the robot will change its behavior. Afterward, we will present
the result and analysis that verifies whether and when the robot’s ability to change its shape aside
from its control input will have an important role to minimize the power required to change its
behavior.
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Figure 8. The magnitude of power coefficients PF_x and PF_z as recorded by the accelerometer, in the
x and z axes respectively for the three configurations 40, 30 and 20, plotted against the input power P
due to control input V and the resulting current I
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Figure 9. The magnitude and phase plot of the power coefficients of IUCBR over the entire input
power range for 40 configurations based on the result shown in Fig. shown and explained in Fig. 9. (a)
& (b) shows the line plot of magnitude and angle respectively while (c) is analogous to polar plot which
graphically points the resultant magnitude, M, acting in a direction y as experienced by IUCBR as
shown and explained in Fig. 7.
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Figure 10. The polar plot shown in Fig. 9(c) can be used to indicate different behaviors of the robot
by applying different thresholds to the y = arctan (PFx; PFz) acts on the robot. Here, three thresholds
are set at 30, 25 and 20 shown in Fig. 10. As a result, “sliding” behavior is shown by a dashed red line
while “hopping” behavior is shown by a solid green line. When the robot is in different configuration
of 40, 30 or 20, the dominant behavior will change.

4.1. Change of Behaviors

The experiment result in this section can be analyzed based on few figures, namely Fig. 8, 9 and
10. Fig. 8 shows the plot of two parameters to analyze the behavior of the robot. The first one is the
power P used by the robot, resulting from the multiplication of voltage V as a control input that
rotates the robot's DC motor and resulting current I. The second is the power coefficients of the
robot’s vibration, PFx and PFz, in x and y direction respectively. Fig. 8a shows the plot of these
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parameters when the robot is in upright position, i.e. 40° configuration, while Fig. 8b and 8c shows
the plot when the position is flatter, i.e. 30° and 20° configuration respectively. As can be seen, when
the robot is in upright position, PFx and PFz occurs quite close to each other while in the case of 30
& 20 configuration they tend to be quite apart with PFx is significantly larger than PFz. The average
difference between PFx and PFz for 40°, 30° & 20° configurations are 0.828 + 0.598, 3.081+ 1.205 and
2.615 +1.548 respectively. Also, the difference of these values between 40° configuration and the other
two is statistically significant, while it is not between 30° & 20° configurations.

The shown pattern aligns with the basic idea and mathematical model explained in section Basic
Concept and Relevant Mathematical Model. The model explains that when the robot is in upright
position, the longitudinal and torsional resonance frequencies will be closed to each other and
therefore the robot’s oscillations will be dominant in both the x and z direction indicated by a close
value between PFx and PFz shown in Fig. 8a. On the other hand, when the robot is flatter, it is possible
to induce vibrations close to the longitudinal frequency, causing the robot to oscillate only along the
x, i.e. forward, direction. The condition is indicated by a larger value of PFx in comparison with PFz
shown in Fig 8b and 8c.

As also shown by Fig. 8 the change of control input, i.e. input voltage V that leads to different
input power, does not change the pattern and therefore the effect of changing the shape is dominant.
Probably the most important effect of changing the control input shown by the figure is in the case of
upright position, i.e. 40° configuration, resonance of both torsional and longitudinal frequencies
occurs at a moderately high value thus causing both PFx and PFz to reach their maximum value when
the input power is approximately 0.07-0.08W. On the other hand, in a flatter position, i.e. 30° and 20°
configurations, resonance of the longitudinal frequency occurs at a low value and causes PF to have
a large value when the input power is approximately at 0.020.04W. The pattern is also expected by
the model explained in Basic Concept and Relevant Mathematical Model section.

Having confirmed the hypothesized behavior, PF and PF are plotted into M and according to
equation (19a) ad (19b). Fig 9a shows M plotted against power P given to the robot for all the three
different shapes of the robot. Fig. 9b shows similar figure for y. Finally, Fig. 9c is a polar plot that
characterizes the robot’s behavior through a graphical representation of the effect of magnitude M
and angle to the robot’s motion. It can be seen that for 20° configuration the magnitude decreases
quite significantly at high control input V because the longitudinal and torsional frequencies occur at
values which are farther from each other. Nevertheless, irrespective of the magnitude, is used to
categorise the behavior which here is referred to as tendencies for “hopping” or “sliding” forward.
Considering that the robot moves from left to right, it can be seen that when the robot is in upright
position, the arrows shown in the polar plot tend to point diagonally upward. On the other hand,
when the robot is in flat position, the arrows tend to point forward.

In order to clearly distinguish different behaviors for analysis purpose, several threshold values
are applied to and Fig. 10 shows the definition of the robot’s behavior based on Fig 9 by using the
threshold values. To be more specific, in Fig 10a, it is defined that only when y exceeds 30, the
behavior can be categorized as “hopping”, while the rest of the behaviors are defined as “sliding”.
The dashed and the solid line bars refers to sliding and hopping behavior respectively for 40°, 30°
and 20° as shown. Fig. 10b and 10c show similar result with different definition of the threshold
values, i.e. 25 and 20 respectively. From application point of view, the threshold values will depend
on the environment, i.e. how vertically confined the space to be travelled by the robot. For the first
value for the threshold used in this study, i.e. 30, it can be seen from Fig. 10a that “hopping” is the
dominant behaviors for 40 configuration, while “sliding” is the dominant behaviors for the other two
as predicted by the model in section 2. When the threshold is lowered, then it will be easier for a
behavior to be categorised as “hopping”. Therefore, “hopping” becomes more dominant in the 30°
and 20° configurations as well, as shown in Fig. 10b and 10c.

We also measure the average velocity at each shape over the entire input power range and the
results are 0.060 m/s, 0.050 m/s, 0.048 m/s for 40 , 30 and 20 configuration respectively. As have been
explained, the dominant behavior in the 40 configuration is tendencies for “hopping” while in 30 and
20 configuration is tendencies for “sliding” forward. The results shows that while the ”sliding”
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15 419 Figure 11. The bar plot showing the power difference for the IUCBR for three different configurations 40°,
16 420  30° and 20° plotted against the input power P based on the given control input V as explained in the Experiment
17 421 Procedure section. Here, the term power difference refer to the increasingly input power P as the control input
18 422 Vis increased. The sliding and hopping behavior defined in Fig. 10. demarcated into separate regions by
19 423 using transition lines for different threshold values of 30, 25 and 20.
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32 425
33 426 Figure 12. The required power (in Watts) by the IUCBR to change its behavior for each
34 427  configuration with different thresholds of (a) 30, (b) 25 & (c) 20 respectively, that define hopping or
35 428  sliding behavior. The first two bar on the left of configuration shows the required power to achieve
g? 429  "hopping” and the next two bar shows the required power to achieve “sliding”. The robot always starts
38 430  from its initial static behavior. The two adjacent bars for each configuration in the figure show the
39 431  required power based on the two possibilities to achieve each behavior. The left one shows the required
40 432 power if the robot is able to change both its shape and control input, while the right one shows the
41 433 required power if the robot is only able to change its control input, i.e. it can only keep increasing its
42 434 control input V without the ability to change to other possible configurations of 40, 30 & 20. The number
43 435  ontop of the stacked bars show the configuration that the robot needs to change its shape into, in order
44 436  to minimize the power requirement to achieve the intended behavior.
45
2? 437  behavior reasonably has lower velocity due to possible friction, the corresponding shape and
48 438  direction of motion is more suitable or tasks like going under the confined space, a common
49 439  challenge in soft robotics research.
50 440 Finally, based on Fig. 11, the power required to change the robot’s behavior by changing the
g; 441  control input or shape can be analyzed as will be explained more in the next section.
gi 442 4.1. Power Requirements for Changing Behaviors
55 443 In the previous section, it has been shown how the change of control input and shape affect the
36 444 robot’s behavior. In this section, more results will be presented to analyze whether and when it is
;73 445  possible for the robot to minimize the required power to change its behavior by taking advantage of
%9 446  its shape changing ability.
60 447 The first figure used to analyze the result is Fig. 11 that shows the plot of the power difference,

448 AP, given to the robot, based on the control input V and resulting current I as explained in Experiment
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Procedure subsection. The power difference is shown for each shape and, as can be seen, Fig. 11 aligns
with Fig. 10 which show two behaviors of the robot, namely tendencies for “sliding” (dashed line)
and “hopping” (solid line) forward, defined based on different threshold of y shown in Fig. 7. It must
also be noted that, as mentioned in the Experiment Procedure subsection, due to the elasticity of the
robot’s body, the change of the shape can simply be realized by a servomotor with a required power
of 0.008W.

Based on Fig. 11, the power required, AP to change the robot’s behavior can be analyzed through
Fig. 12. To be more precise, Fig 12 shows the power required to achieve hopping (first two bars for a
configuration) or sliding (next two bars of the same configuration), starting with zero control input
V, for each of the three shapes for the three defined thresholds i.e. 30, 25, 20 respectively.

In Fig.12, the two horizontally adjacent bars, for a configuration, show the minimum power
requirement to change the behavior assuming the robot can or cannot change its shape respectively.
For example, Fig. 12a shows the required power to achieve hopping starting from zero control input
V and therefore zero power P when the threshold is 30. In 40 configuration, referring to the top left
figure of Fig. 11 it is meaningless for the robot to change its shape because the minimum power
requirement is achieved if the control input, V , is simply increased until the robot switches its
behavior from sliding to hopping i.e. having input power of 0.0287W or the first solid green bar
shown in the figure. On the other hand, referring to the other figures of the first column in Fig 11, if
the robot starts at 30 and 20configuration, having the ability to change shape is beneficial. Here, the
minimum power requirement will be achieved if the control input, V, is increased up until certain
level such that input power, P, equals to 0.0287W (the 3™ red bar shown in the figure) before the robot
change its shape to 40 configuration. The total required power if the robot can change its shape is
shown by the stacked bars, while the total required power if the robot cannot change its shape is
shown by the standalone bar.

Observing all the sub-figures in Fig. 12, it can be seen that, to change its behavior, the power
requirement if the robot can change its shape is always either equal or less than if the robot can only
change its control input. In fact, seven out of eighteen studied conditions will have lower required
power to change behavior, if the robot can change its shape. Therefore, it can be seen that the ability
to change the shape leads to the desirable behaviors, with better power efficiency compared to when
the robot solely relies on changing its control input.

5. Discussion

This article presents the development and analysis of a locomoting robot with shape changing
ability that relies on the ability of elastic beams to deform and vibrate. It has been shown both
analytically and experimentally that, through a proper use of the elastic materials and the vibration
dynamics of the robot, the shape adaptation of the robot leads to desirable behaviors with better
power efficiency compared to when the robot solely relies on changing its control input. The
approach shown motivates investigation of new approaches to efficiently change robots” behaviors
by changing their shape or morphology, instead of solely relying on changing the robots’ control
inputs. As also explained in the introduction section, the approach is motivated by an increasing
interest in using soft and elastic materials for robotic systems. To be more specific, in this particular
work, our approach is to relate the shape of the robot with its resonance frequencies to determine
how the robot can adapt its behavior by changing its shape while minimizing the required power.

Conventional methods to change a robot’s behavior by changing its control input brings about
a lot of interests on high level programming of a robot with a fix body morphology, which is
commonly applied in rigid robots (52; 53). On the other hand, the approach shown encourages
investigation of approaches to change robots” behavior by changing their shape and morphology.
While the idea that the morphology of a robot can facilitate control has been argued in previous
studies (2; 3; 5; 54), to the best of our knowledge this work is the first that systematically shows that
a robot’s shape adaptation, as an example of morphological adaptation, can lead to the desired
behaviors with better power efficiency than when the robot only relies on its control input. We have
also argued that the use of elastic materials is the key factor that enables the robot to easily change its

http://mc.manuscriptcentral.com/ad-behav

Page 14 of 20



Page 15 of 20

oNOYTULT D WN =

500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551

Adaptive Behaviour

Adaptive Behavior 2020 14 of 20

shape with a minimum amount of power. In this work, we rely on the use of elastic beam and
resonance frequencies to determine the change of shape that will lead to significantly different
behaviors with minimum power. While here we use a curved beam robot with inverted U-shaped
but the results can generalize to other shapes as long as the relationship between the shape and the
resulting resonance frequencies is clarified. For instance, in (28), the relationship between the
resonance frequencies and the shape of the robot was explained in a C-shaped hopping robot
although the robot did not have any mechanism yet to adjust its own shape. Moreover, a systematic
study on whether the changes of morphology leads to significantly different behaviors while the
required power is minimized can also be explored in other methods that enable adaptive morphology
such as morphing wings in flying robot or morphing wheels in a ground mobile robot (5). We believe
that a proper use of soft and elastic materials should be the key factor to minimize the required power
to change the robot’s morphology.

In the analysis of the robot behaviors, we use a combination of simple linear and rotational
springs and even with this simplified model, the simulation and experimental results that explain the
behaviors match reasonably well. Nevertheless, as mentioned in the last paragraph in the Basic
Concept and Relevant Mathematical Model section, it must also be kept in mind that a behavior will
always depend on the whole interaction among its control input, body morphology and
environments. In this context, the appendix shows the ground interaction model that we used and
verified in our previous work (26). The vertical ground interaction forces are approximated by
nonlinear spring-damper interactions and the horizontal forces are calculated by a sliding stiction
model. The vertical and horizontal ground reaction forces depend on several parameters such as the
friction and damping coefficients which will depend on the environment. While the calculation of the
resonance frequencies is not directly related with the model, the effect of the ground interaction forces
is encapsulated in the power coefficients recorded by the accelerometer (PFx and PFz along the x and
z direction respectively). In this study, while the effect of the ground reaction forces is already
incorporated, it is not explicitly modelled. Therefore, a more detailed explanation of how ground
surface interaction can be modelled as part of a future work is mentioned in the Appendix section. In
this paper, the motion of the robot is considered in two direction, along x and z-axes, which is
measured using an accelerometer during the motion and the values are used to calculate PFx and
PFz. Thus, PFx and PFz contain the information of ground reaction force although it’s not explicitly
modelled. For example, if the surface is not sufficiently hard and the vertical reaction force is low, it
may lower down the value of the power coefficients along the z direction even if the robot is in an
upright position. While in this work we choose a wooden surface where the effect of different
resonance frequencies has been shown to be significant (25; 26; 27); which showed some initial works
that discuss the importance of morphology and energy efficiency, it is interesting to perform
experiments in other types of surfaces as a future work. Aside from that, it will also be interesting to
model the relationship between resonance frequency and the dynamic motion of the robot, such as
explained for other types of motion like swimming motion (55). It is also possible to relate the
optimum energy with resonance frequency (56), which is not the focus of this paper. The main goal
of this paper is to explain and demonstrate that adaptive behavior can be achieved in a more power
efficient manner through the use of a shape changing elastic body.

Last but not last, there are surely several limitations of this work. Here, we only explore shape
changing ability enabled by the elastic body while there are also other approaches to realize
morphological adaptation in a robot. In our previous works, we have also investigated other
parameters, i.e. different types of morphology, such as different shapes, leg configurations and
masses. For example, we have shown that the increasing value of the rotating mass would increase
the centripetal force that drives the robot’s motion (25; 26). However, unlike shape changing
mechanism, it may not be feasible to have a mechanism that enables the robot to adjust its own mass
and quantify the required power. Another interesting example of morphological adaptation will be
stiffness changing ability. In the mathematical model shown in the appendix, the effect of different
stiffness for the developed robot is also outlined. For instance, the larger the torsional stiffness of the
robot, the torsional resonance frequency of the robot will become larger as well. Nevertheless,
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enabling the robot to adjust its own stiffness is far from trivial either (5; 57) and therefore at this stage
we focus on shape changing ability as an example of morphological adaptation. All in all, to the best
of our knowledge, this work is the first that systematically shows how shape changing ability enables
the robot to adapt its behavior while minimizing the required power compared to when the robot
solely relies on changing its control input through a proper use of elastic materials.

6. Conclusions and Future Work

The advancement in the field of soft robotics that studies robots that can achieve deformability
through their inherent material properties or structural compliance opens new perspectives on how
robots should change their behaviors. Nevertheless, this type of robots generally have quite complex
dynamics and thus it is difficult to substantiate whether and when it is beneficial for the robot in
terms of cost such as the required power to adapt its behavior by taking advantage of its shape
changing ability. In this paper, we have presented the development of a vibration based locomoting
robot made of elastic materials with structural compliance and analyzed the power requirements for
changing its behavior. We have shown through mathematical modelling and real-world experiment
that the robot will adapt its behavior as desired when it changes its shape. Moreover, due to the
elasticity of the body, the power required to change the shape of the robot is minimized. In this work,
we have also analyzed whether and when it is possible for the robot to minimize the required power
to change behavior by taking advantage of its shape changing ability. In our experiment setting, it is
shown that in order to change the robot’s behavior, the power requirement if the robot can change
its shape is always either equal or less than if the robot can only change its control input. In other
words, the ability to change the shape enables the robot to adapt its behaviors, with better power
efficiency compared to when the robot solely relies on changing its control input.

As discussed in the previous section, the proposed concept and design approach encourages
alternative research directions as compared to the classical approach of changing a robot’s behavior,
i.e. by changing its control input. The classical approach, for example, brings about a lot of interests
on high level programming of a robot’s behavior with a predefined body. On the other hand, the
approach shown motivates investigation of new approaches to change robots’ behaviors by changing
their shape and morphology, while being able to substantiate that the change of the robot’s shape
will lead to the desired behaviors.

Nevertheless, as explained in more details in the discussion section, there are also a number of
limitations to the current study which can be explored in the future. For example, in this current
work, we only explore shape changing ability enabled by the robot’s elastic body while there are
other possible approaches for morphological adaptation such as varying the robot’s stiffness. The
proposed design alone also has some other parameters that can be varied to see how they change the
robot’s behavior, such as the mass and size of the robot. It must also be kept in mind that a robot’s
behavior is essentially its dynamics resulting from the interaction among its control input, body
morphology and environment. Therefore, it will also be interesting to perform experiments on
different environments such as different surfaces and see how they affect the robot’s behavior, as well
as to explicitly model the effect of the ground reaction forces. Last but not least, another possible
future work is the investigation of how to embed the robot with autonomous decision-making
capability on when it’s supposed to change its behavior by changing its shape.
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2 602  Appendix A: Mathematical Modeling

5 603 To analytically determine the effect of torsional and longitudinal resonance frequencies in the
6 604  two configurations as shown in Fig. 3, we use Lagrangian method. Consider the mass spring system
/ 605  with massless & inertia less link and inertia less point mass as shown in the Fig. 3. The following
g 606  combination of the kinetic and potential energies (T and V respectively) can be written as:

o 607

11 L =T-V 5
12

13 608  and is called the Lagrangian L of the system. Based on L, the Euler-Lagrange equation which can be
14 609  used to derive the equation of motion is written as:

15 610

16 d Ly oL 6
I 3?(55)" a0g= "

18

19

20 611 where g represents the possible generalized coordinates and the conservative forces are assumed

21 612  tobe zero. Furthermore, based on the left figure of Fig. 3, the kinetic energy, T can be broken up into
22 613  the radial and tangential parts, so we have:

23 614
24 1 ., 1 ,
25 T = Eml2 + Em(l,B)2 7
26
;é 615 The potential energy V comes from both gravity, mglcosf, and the two springs and thus V can
29 616  Dbe written as:
30 617 . .
31 - 21 g2 2. p2 8
3 V =mglcos B+ 2 * 2kLl + 2% Zkﬁp’
33 618
34 619 Therefore, by using (5), the Lagrangian, L becomes:
22 620
1., 1 1 1
37 L = Eml2 + zm(lﬁ)z — mgl cosf — 2« EkLlZ — 2% Ekﬁﬁz /
38
39 621 As the problem involves more than one generalized coordinate, i.e. I and 8, equation (12) & (13)
40 622  must be applied for each coordinate. Differentiating (9) with respect to B, i.e. I is assumed to be
41 623  constant, and with [, assuming f3 to be constant the homogeneous part of the Euler-Lagrange equation
42 624  can be written as shown in (14) and (17).
43 625
44 d(oL\ oL 2 Isi ok d L\ oL i okl 15 10
22 dt(a[})_aﬁ_m B —mglsin B + 2kgp dt(ai)—al—m+mgcos[)’+ L—mlp
47 626
48 627 Similarly, when the robot is in flat position, the Lagrangian L and the relevant angle (90° - ),
49 628  defined as being measured in anti-clockwise direction from the horizontal line.
50 629
51 1,1, _ . 1 ) 1 11
5o L = ml”+ Em(lﬁ) — mgl sin (90° — ) — 2+ Sky (D — 2 % kg
gi 630 Differentiating with respect to the two variables, i.e. [ and f, for each coordinate separately the
55 631  homogeneous part of the Euler-Lagrange equation can be written as shown in (14a) and (14b).
56 632
d(dL\ dL i} dLy oL . 2| 12

g; E(ﬁ) — % = ml*p —mglsin § + 2kpp E(a) ol ml +mgcos B + 2k, — mip®
o 633

634 For IUCBR in the upright and the flat position we assume B = 0, therefore sinf ~ f and when

635 B =90 then sinf =1
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ml?p —mglB + 2kpB =0 ml?p + mglp + 2kpB =0 13

The general form of the equation of motion involving the torsional frequency wg is as follows:
B+ wpp =0 14

By comparing the above two equations, we obtain the torsional resonance frequency as:

2kg —mgl 2kg +mgl 15
wyr= T wpr= [————

ml? ml?

Similarly, applying (13) with respect to 1, i.e. w3 is assumed to be constant, the homogeneous
part of the Euler-Lagrange equation can be written as shown in (20a) and (20b).

ml+ 2k, () =0 mi+mgp + 2k () =0 16

The general form of the equation of motion involving the longitudinal frequency wpg is as follows:
I+ wil=0 17

therefore, the longitudinal resonance frequency is of the form
2k, 18
Wy = WrL = [
m

The vertical ground interaction forces can be approximated by nonlinear spring-damper

Appendix B: Ground Interaction Model

interactions where the horizontal forces are calculated based on a sliding-stiction model (26). In the
model, the switches between sliding and stiction depends on whether the velocity of the foot is lower
or higher than a specified limit which is determined by the sliding and stiction friction coefficients,
Ustide and gtick, Tespectively. All in all, the vertical and horizontal ground reaction forces, G,; and G,;
respectively, can be calculated as:

Gyi= _al'ycil?,(l _byci) 19

xci . J'Cci 20
ﬂslideGyi — Uf Fyei > .ustickGyi
Gri = |x|ci

F,., otherwise

|5Cci|

where the horizontal velocity and vertical distance of the contact point, i from the ground surface are
denoted as *.; and Y. respectively, and the computed force at the foot contact point, i is denoted as
F,.iand the friction coefficients (Uside, Ystick) in the model depend on the environment.
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