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Abstract

This paper presents the design and manufacture process of a wheel-less, modular snake robot with Series Elastic
Actuators to reliably measure motor torque signal and investigate the effectiveness of active stiffness control for
achieving adaptive snake-like locomotion. A Polyurethane based elastic element to be attached between the motor and
the links at each joint has been designed and manufactured using water jet cutter, which made the final design easier
to develop and more cost-effective, compared to existing snake robots with torque measurement capabilities. The
reliability of such torque measurement mechanism examined using simulated dynamical model of pedal wave motion,
which proved the efficacy of the design. A distributed control system is also designed, which with the help of an
admittance controller, enables active control of the joint stiffness to achieve adaptive snake robot pedal wave
locomotion to climb over obstacles, which unlike existing methods does not require prior information about the
location of the obstacle. The effectiveness of the proposed controller in comparison to open-loop control strategy has
been shown by the number of experiments, which showed the capability of the robot to successfully climb over

obstacles with the height of more than 55% of the diameter of the snake robot modules.

Keywords: Modular snake robot; series elastic actuator; active stiffness control; pedal wave locomotion; adaptive

locomotion

1 Introduction

Snake robots are of interest in the field of bio-inspired design, particularly in regards to locomotion.
The small cross section of these robots, like their natural counterpart makes them ideal for locomotion
in narrow and unstructured environments*l. Moreover, snake robot locomotion mechanism is inherently
stable, compared to other means of locomotion like walking, which makes it suitable for inspection!?],

exploration of remote or hazardous environmentst®!, and locomotion on uneven terrainstl.

Historically, the general belief among zoologists was that snakes use their scales or tips of their ribs

in a similar manner that other animals use their legs as means of locomotion™. In 1879, Hutchinson®
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challenged this theory and provided his successors, such as Mosauer® and Gray!’! with the insight to
explain the snake locomotion mechanisms, which led to identification of four major types of snake
locomotion, namely lateral undulation, sidewinding, concertina and rectilinear motion. The
aforementioned critical findings, enabled Hirose to further analyze bio-snakes movement and fabricate
the world’s first snake robot in 19721, which could perform 2D lateral undulation, with the use of

passive sideways wheels to mimic the effect of anisotropic friction of real snakes.

Unlike the snake robot developed by Hirose and more recently by others™l, it is has been shown
that biological snakes movement is not purely planart® and robot designs based on this discovery, have
proven to be very effective for real world applications[?. However, these types of snake robots, which
are not equipped with passive wheels and do not have anisotropic friction property of belly scales of
their natural counterpart (see Hopkins et al.[! and the references therein for more information about
common snake robot designs.) belong to the under-actuated robotic systems family, for which real-time
control methods are difficult to implement. Consequently, most of the locomotion control strategies for
snake robots are based on generating biologically inspired periodic joint angles commands (gait

patterns) to achieve a desired type of motion.

Although, these pre-specified snake-like gait patterns are very effective for locomotion on smooth
surfaces, they are not suitable for unstructured environments, where direction and magnitude of reaction
forces from the environment are difficult to predict!’®, To address this issue, some works, have
considered gait parameter adaptation based on body friction*Yl and tilt angle feedback[*2. However,
these works have only considered locomotion on relatively smooth surfaces and not uneven terrain.
Others have proposed a shape based control scheme for pedal wave locomotion of snakes™® that
requires prior information about the environment. More recent works have proposed a control
mechanism based on torque control for a snake-like robot!**l, However the controller also requires

information form a pressure sensor attached to the surface of the links.

On the other hand, compliant locomotion on uneven terrain, which has been demonstrated to be very

effective for walking robots*®, has not yet been fully investigated for snake-like locomotion in
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unstructured environment. VVespignani et al. have added a passive compliant element in series between
the robot joints[*®! and Kandhari et al. have developed a soft bodied worm-like robot with passive
compliancel*”l, however, in both of these studies experimentation in unstructured environment is not
conducted and, because of using a passive flexible element without a motor torque measurement
mechanism, the stiffness of the joint could not be varied during the locomotion. Although Whitman et
al. have mentioned joint admittance control(*®l, compliance at joint level has not been achieved and the
measured external torque is treated as a feedback signal from the environment to modulate the gait
parameters for obstacle-aided locomotion, similar to a CPG (Central Pattern Generator) based controller
with environmental feedback. Similar works has also been reported by designing a snake robot with
compliancy at joint level™™, however no active stiffness control strategy is presented and the developed

wheeled snake robot has only been tested on a smooth surface with variable friction and/or inclination.

To fully investigate the effect of active stiffness control implemented on a physical snake robot for
locomotion on uneven terrain, designing a custom built force/torque sensing mechanism for robot joints
is necessary. Considering the space limitation when dealing with snake robots, this task is even more
challenging. Prior works with FSRs (force sensor resistors) 2%, strain gauges?*! and a complex, custom
made torque sensing system based on a cam mechanism[?2, have tried to equip the snake robots with
sensitive torque/force mechanisms. However, such mechanism are either complex or very vulnerable to
impact as they are attached to the surface of the links. More recently, design of a snake robot equipped
with Series Elastic Actuators (SEA), which are capable of torque measurement is presented!?®l.
However, manufacturing of such an actuator still requires compression moldings and a relatively
complicated process for bonding the rubber to a metallic material for manufacturing the elastic part. On
the other hand, design of a polyurethane-based compliant element for turning conventional servos into
SEAs has proved to be very effective for robotic armst?*. Employing this idea, which reduces the final
cost of the prototype considerably, it is now possible to manufacture an inexpensive snake-like robotic

mechanism with SEASs to investigate the effect of compliancy in snake locomotion.



To overcome these limitations, this paper presents the design and testing of an inexpensive wheel-
less snake robot with a torque sensing mechanism achieved using a polyurethane based elastic element
between the links and the motors. Employing this idea, it is possible to manufacture an elastic element
with desired shape and stiffness using easily an accessible polyurethane sheet and attach it between the
links and the motors to equip existing snake robots with torque sensing mechanism. Thus, this torque
measurement mechanism, unlike others, which requires redesigning every modules of the robot[??! can
easily be implemented on existing designs. Moreover, unlike existing methods?®?%, in which the
sensing device should be attached to the surface of the links, the polyurethane-based compliant element
is embedded inside each joint, thus the final prototype is more robust in design. Additionally, employing
the torque measurement mechanism the idea of active stiffness control for snake robots is proposed and
implemented using a distributed admittance controller to achieve adaptive autonomous pedal wave
locomotion for the first time, which unlike existing methods!*®!, which the position and height of the
obstacle should be known no prior knowledge about the location of the obstacle is required. The
applicability of the proposed design and control strategy is illustrated by number of experiments, which
shows high adaptability of the snake robot, when autonomously crawling over an obstacle with the

height of more than 55% of the diameter of snake robot modules.

The rest of this paper is organized as follows. In Section 2, design and manufacture of the SEA and
3D printed robot joints are presented. In Section 3, pedal wave locomotion on smooth surfaces with
proposed design is discussed and experimental and simulation results are compared. In Section 4, an
admittance controller for robot joints is implemented and the stability condition is obtained. Moreover,
the idea of stiffness control is introduced and its effectiveness is illustrated when the robot is moving

over a stair-type obstacle.

2 Development of the snake robot

In snake robots, the size, final cost, overall shape and weight of the robot limits our choices for

actuators and sensors. These constraint the designers to use highly geared servo systems to achieve high



5
output torque at low speed using a small actuator. However, highly geared servo systems with stiff
joints, suffer from number of disadvantages, such as backlash, friction and gear break down[®]. These

nonlinear effects, make torque estimation based on current feedback ineffective.

One way to design a snake robot with sensitive torque measurement mechanism necessary for
compliance control is by attaching an elastic element of known stiffness between the load and motor
shaft. Employing these Series Elastic Actuators (SEASs)!?°! it is possible to measure the torque based on
the deflection of an elastic material. Moreover, the sudden large, external forces on the output shaft, the
main reason for gear damage, will be minimized, making the interaction between the robot and
environment considerably safer. Energy storage is another advantage of these actuators, which makes
them more efficient. Hence, it is worthwhile to make the actuator “softer” and consequently sacrifice
the position control loop bandwidth in order to achieve some desirable properties, such as

compliance!?®l,

2.1 Design and manufacture of SEA

To design a Polyurethane-based elastic element to be placed between the servo motor and the each
robot link, it is necessary to first determine the material and required characteristics of such element,
such as the size and stiffness. For the snake robot design, the main consideration is to make the joints
of the robot as light as possible and use the elastic element for measuring a maximum torque of 0.8 Nm
with resolution of 0.05 Nm using a 12-bit encoder. For the elastic material, Polyurethane sheet with a
thickness of 4 mm and Shore Hardness of 95A proved to be suitable and is easily obtained, hence it was
chosen as the material of the design. To decide on the shape of the element, motivated by the work done
by Martins et al.[?l, an initial design with “S” shape blades connecting two concentric rings as shown

in Fig. 1.a were chosen to be modified based on simulation results to achieve desired specifications.

The tests conducted by applying 0.05Nm torque to the outer ring while holding the inner ring fixed,
which revealed that the compliance predominantly depends on the shape and thickness of the “S” shape

blades. Considering the initial design specifications, these two factors have modified and as a result the
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optimum width of the blades was found to be 2.5 mm with the blades shape shown in Fig. 1a. The results
of the Finite Element Analysis (FEA) of the final prototype is shown in Fig. 1b., where the maximum
displacement is shown in red.

It should be noted that although Martins et al.[?l have claimed that the final part can be
manufactured with a CNC router without using any refrigeration fluid, we found this method to be
impractical. Hence, once the design was optimised in the simulation, water jet cutter was used to
manufacture the final elastic part as shown in Fig. 1c, which is a relatively simpler and more cost

effective manufacturing process, compared to compression molding used by Rollinson et al.[%,

2.2 Modelling and calibration of SEA

For calibration of the manufactured part, a 12-bit digital magnetic rotary encoder used to measure
the relative angular displacement between the inner and outer rings. A specific sensor holder was
designed and manufactured so that the magnet was attached to the inner ring and the sensor board to the
other ring, thus enabling direct measurement of relative angular displacement between the inner and

other rings with the use of a single rotary encoder.

To calibrate the elastic element, a test rig was manufactured using a 3D printer, which allowed
known weights to be attached to the outer ring while the relative angular displacement was measured.
To calibrate the elastic element, the servo system was fixed at a complete horizontal position and elastic
element modelled as a torsional spring. The static equation then obtained to be as follows:

Te + Tarm = K(6 — q) 1)
where 1, is the external moment acting on the link due to the weights attached to it, 74, iS the moment
due to the weight of the link, K is stiffness coefficient of the spring to be obtained, & = 0 is the motor
angle and q is the joint angle. Considering that weights will be attached to the link with the elastic
element is in normal shape, the distance between the point of the action of the external force to the

center of rotation is known and motor is fixed at a certain angle, (1) can be simplified to:

T, = mgdcos(q) = —Kgq, )
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where m is the mass of the attached weight and d the distance between the point of the action of the

external force and the centre of rotation.

Using equation (2) the elastic element calibrated and the results of calibration are shown in the Fig.
2. The resolution of the sensor then calculated to be 0.01 Nm, exceeding the design requirements. Based
on these results and considering a simple zero order system, the SEA modelled as a torsional spring

with no damping, and spring constant K = 1.74 Nm/rad.

2.3 Design and manufacture of the robot modules

In this section, design and manufacture of the snake robot modules, equipped with the SEA will be
discussed. It should be noted that unlike other works[*%l, the designed snake robot modules, shown in
Fig. 3 are not equipped with wheels, hence this robot is more suitable for locomotion in challenging
environment, such as unstructured confined spaces and cluttered environments?’l, where wheeled snake

robots suffer from the same limitations of wheeled robots.

As shown in Fig. 3, each module of the proposed design of the robot consists of two main parts.
The Body part as shown in Fig. 3.a, is designed to accommodate the actuator (Herkulex smart servo,
DSR-0101) with the specifications shown in Table 1, a custom made control board and the elastic
element without interfering with the joint motion. The connector part in Fig. 3.b, connects each module
to the following module, where hollow spaces are considered for easy wiring. Moreover, a sensor holder
as shown in Fig. 4 is also designed to be mounted between the elastic element and the connector part,
which accommodates the magnetic encoder (Ams, AS5145) and make sure that the attached magnet to
the elastic part is fully aligned with the sensor. The final CAD model of a single module is shown in
Fig. 4.

It should be mentioned that, screw holes on the connector and the body part are designed such that
each joint can be connected to previous joint with 90 or zero degrees relative rotation about longitudal
axis. This together with the symmetrical octagon shape of the links allows the same design to be used,
without major changes for pedal wave motion, lateral undulation or 3D motion generation. Finally, an

electronic system has also been designed to equip each joint of the robot with a custom made circuit
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board for power distribution, communication, data acquisition and control of the joint. The final robot
module, manufactured with a cost-effective 3D printer using Acrylonitrile Butadiene Styrene (ABS) as
the main material is shown in Fig. 5, where the elastic element is embedded inside of each joint, which
makes the torque measurement mechanisms more robust compared to existing designs with strain
gauges attached to the surface of the linkst?,

It should be noted that, using the custom made control board, each module can directly receive gait
pattern parameters as a command from the external main controller, with the use of the communication
system designed based on CAN bus. Moreover, each module can also request data form other joints on
the bus, which makes the design very suitable for implementation of CPG based motion generation,

where direct feedback from neighbouring joints is necessary.

3 Pedal wave locomotion on smooth surfaces

As mentioned earlier, snake robot motion control is usually based on generating the desired joint
angles as a repetitive sequence of commands by means of a parametric nonlinear oscillator and
employing a PID controller at joint level to track the desired angles. For planar snake motions, such as
lateral undulation or pedal wave motion, the gait pattern is usually chosen to be a parametric sinusoidal

wave as follows!28l:

q; = Asin(a)t +¢( — 1)) (3)
where q;; i = 1,2,..., N are joint angles, w is the temporal frequency, ¢ is spatial frequency and A is
amplitude of the sinusoidal wave. It should be noted that gait equation (3) can easily be extended to 3D
case by considering a second sinusoidal wave for perpendicular joints.

To show the effectiveness of the proposed design, the developed snake robot has been assembled
with five planar joints to perform pedal wave motion!*® (also known as travelling wave locomotion!?®,

caterpillar-like motion or inchworm motion). To achieve this type of motion, the sinusoidal motor
angles are generated based on gait equation (3) with A = grad, w = nrad/sec and ¢ = % rad,

where Fig. 6 shows the snake robot performing this type of motion and moving forward with average
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speed of 4.5cm/sec. This shows that although a flexible element is attached between the motor and
joints, the robot still can achieve the desired motion on smooth surfaces.

To show the effectiveness of the proposed torque measurement mechanism, it is critical to compare
the simulation and experimental results. To simulate the pedal wave locomotion of the snake robot one
can use the dynamical model presented by Akbarzadeh et al.*?! based on Euler Lagrange method and
employ a spring damper contact model to compare the required motor torque to perform pedal wave
motion with the experimental results provided by the torque sensing mechanism.

To obtain the equations of motion of the robot, one should consider the body shape of a 2D snake
robot as shown in Fig. 7, where 6;,i = 1,2, ..., N is the absolute link angle of i*"link, q,j =12,..,N —
1 is the relative angle between the links, [x;, z;] is the position of center of mass of it*link in the global
coordinate frame, 21 is the length of each identical link and [p,, p,] is the centre of mass of the robot.

Considering the expression for the kinetic energy of the system due to the translational and
rotational velocity of the links and the potential energy of the system due to gravity (see Akbarzadeh et

al.B2) it is now possible to construct the equations of motion of pedal wave motion as follows:
M(a)d +C(a,4) +6(a) = Q"+ Q] + Q] ()

where g = [ 41,92, > Qn-1, On, D py]T is the generalized coordinate, M (g) (v+2)x(v+2) IS the positive

definite links inertia matrix, €(q, @) (v+2)is the vector of Coriolis and centrifugal terms, G(g) is a
column vector of gravitational forces, Q" is the vector of N-1 control inputs, Q{is the vector of friction

forces (depending on the friction model) and Qg is the vector of other external forces due to contact
with the environment. (See Appendix. A and B for the details about the structure of the model.)

It should be noted that, although obtaining the expression for the kinetic and potential energy of the
system is straight forward, calculation of the vector of non-conservative external forces Qg , requires
modelling the interaction between the environments and the robot. Hence, in pedal wave motion, which

modelling the contact between the robot links and the ground is required, one can use the well-known
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spring damper contact model as shown in Fig. 8, where £* and f.! are the normal and tangential forces
exerted at point p. from the environment

Assuming that p. is in contact with the ground, i.e. zP¢ < 0, and considering the spring-damper

contact model, f*and ff can be calculated as follows:

f&t = Max(k(zP¢) — dzPe,0) (5)

f& = —flusign(xPe) (6)
where xP<¢ and zP¢ are the coordinate of the point of contact p. , i is the friction coefficient, k is the
spring and d is the damping constant of the environment. It should be noted that, in pedal wave
locomotion on smooth surface, the normal and tangential vectors n and t align with the Z and X
coordinate of the global coordinate frame, hence the contact forces are already expressed in the global

coordinate frame.

Finally to obtain Q7 itis enough to construct the Jacobian matrix and transform the external forces

to joint variable space as follows:

P
F Z [axpc aZPC]T[ Ct]
Qz - a% aq' f;:Tl 4 (7)
c=1
where P is the number of contact points.

Considering this modelling framework, it is now possible to compare the simulation and
experimental results. For this purpose a snake robot with six identical links each with the mass of 0.15kg
length 0.07m and five motors (same as the designed robot) has been simulated considering the spring
and damping constant for modelling the environment to be 25 and 350 respectively. The joint angle
commands were generated according to gait equation (3), similar to the conducted experiment to
compare the simulation results with the experimental motor torque data obtained from the test. Fig. 9
shows the simulated pedal wave motion of the snake robot, where the joint positions, tip of the head
and tail modules and the center of mass of each link are specified with circles (See Online Resource. 1

showing the simulated motion together with the achieved pedal wave motion with the snake robot).
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Considering that in a flexible joint, the motor output torque can be estimated as 7,; = K(6 — q) &%,
the motor torque for two joints, namely the head (First joint) and middle body (Third joint) has been
recorded together, as shown in Fig. 10 and Fig. 11.

As can be seen from the Fig. 10 and Fig. 11, estimated motor torque resembles the motor torque
signal obtained from the simulation with some expected discrepancy because of the assumed linear
model of the elastic element and the uncertainty of the simulation model. Moreover, although for
modelling the pedal wave motion of the robot both Coulomb and Viscous friction models have been
used, still the model cannot precisely take into account the effect of slipping between the snake and the
floor. Hence, slipping, which adversely affect the efficiency of the locomotion pattern in real world
environment can be considered as another reason why the measured torque does not exactly match with
the simulation results. It should also be mentioned that the middle body joint, which is closer to the
center of mass of the robot, located in the middle of the snake body should generate more output torque
relative to the head joints, which is far from the center of mass of the robot. This result is a very

important design consideration also mentioned by Chen et al.?4 as the result of simulation studies.

4 Stiffness control for locomotion on uneven terrain

Taking advantage of the proposed design of the snake robot with torque sensing mechanism, it is
possible to actively control the joint stiffness of the robot. In this section, we firstly discuss the main
motivation behind stiffness control in snake robot and why we think this strategy could be useful for
achieving adaptive locomotion. Moreover, we introduce a disturbed admittance controller and
experimentally investigate the effectiveness of such control scheme to achieve adaptive pedal wave

motion.

4.1 Motivation
Fig. 12 illustrates the body shape of a 2D snake robot with five joints, performing pedal wave
motion at a particular instance in time, where X, Z define a global coordinate frame, g;’s are the relative

joint angles, ; is the i*" body link, [, ¢ are assumed to be in contact with the ground at points p,and p,.
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In contrast to lateral undulation, in which the robot body is always in contact with the ground,
during pedal wave motion and sidewinding (3D generalization of pedal wave motion), the robot lifts
some part of its body off the ground and pushes against the ground to move forward. This locomotion
mechanism have some similarities with legged locomotion, in which the foot comes into contact with
the ground and normal reaction and friction force are the main propulsive force, moving the robot

forward.

On uneven surfaces the robot might stick, when the environmental forces in X direction cancel each
other or rollover to one side when the projection of canter of mass along the gravity force leaves the
convex hull of contact points. One way to address this issue is to actively control the dynamics of contact

between the robot and environment by utilizing joint level admittance or impedance controllers.

Recently, it has been shown that human runners, actually control their leg stiffness in response to
varying terrain for disturbance rejection®!, passive stability®®! and higher efficiency®’l. The analogy
between human walking and pedal wave motion of snake robots, suggests that stiffness control strategy

could be utilized for more adaptive snake locomotion on uneven terrain.

4.2 Joint admittance control

To design a stiffness controller for the snake robot to achieve adaptive locomotion, we propose a
Collocated Admittance Controller (CAC)I® at joint level, i.e. the position control loop is closed at
motor angle level, with the block diagram shown in Fig. 13, where Kj; is the desired stiffness, C, is a
PD position controller, M is the single joint model, K is the stiffness of the elastic element, 8 is motor
K-K

angle, 6, is the desired motor angle generated by gait equation (3), 85 = K—d T, q IS the joint (link)
d
angle and ., is the exerted torque on the environment.

In order to make sure that the resulting closed loop system is stable, it is enough to check the

passivity of the impedance relation, Z(s) = _q;e, which considering the block diagram in Fig. 13, with

6, = 0 and joint model M = ]% can be obtained with little effort to be:
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KKq(JS? + Cp)
S[K4(JS2 + C,) — (K — Kq) — KKq] (8)

Z(S) =

It should be noted that to obtain the above relation, it is enough to obtain the transfer function between
external torque 7, and joint angle g employing conventional simplification methods of block diagrams
and finally replace g by sq (see Calanca et al.[*®! for more details).

The passivity condition for Z(s) is equivalent to have (i) Z(s) to be stable and (ii) Re [Z(jw)] = 0.
This gives the well-known stability condition of admittance controllers, which the desired stiffness
cannot be chosen to be higher than the stiffness of the attached elastic element (i.e. K; <K )8 hence
for the snake robot joint admittance controller, K; should be smaller than 1.75.

In the next section, first, this controller will be implemented on a single joint of the robot to study
the effect of the proposed joint stiffness controller and finally, the effect of such control strategy on the

overall motion of the robot will be investigated in details.

4.3 Results and discussion
To better show how the proposed controller works in practice, first, this controller has been

implemented on a single joint of the robot, where 6, is chosen to be a sinusoidal signal according to

equation (3), with A = %rad and w = m (See Online Resource. 2 showing the case with A = 0). As

shown in Fig. 14.a the joint will be at rest on the ground when g = 0, is free to move when g > 0 and
will push against the ground (i.e. reaction force f, and torque t, will be exerted on the link) when q <
0.

During the test, the values of K, changed, after five complete cycles while the joint was in motion
to collect enough samples to investigate the effect of varying joint stiffness on q. The measured joint

angle g then recorded while sampled at 10KHz as shown in Fig. 14.b.

As can been seen from Fig. 14.b, the servo motor start to oscillate with K; = K while successfully
tracking the commanded motor angle even when it touches the ground. This means that at the beginning
of the experiment, which K; = K, the robot push against the ground and no matter how much is the

reaction force, the servo motor is only in position control mode and 6, = q. On the other hand, when
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the value of K, changes to 0.5K, the joint still tracks the commanded trajectory when there is no
environmental torque 7., however when g < 0, the joint pushes against the ground and because z, # 0
the admittance control comes into effect and depending on the value of K, the actual joint angle deviates
from the commanded trajectory, thus 6, # q. Consequently, this experiment shows that by changing
the joint stiffness, the joint angle g can adaptively change during the motion of the robot based on the

contact forces from the environment even when 6,. (i.e. gait parameters) remain constant.
Another experiment is also designed to examine the effect of joint level compliance on the overall
motion of the robot. In the test, the robot was commanded to start moving based on pedal wave motion

pattern (3) with 4 = %rad, w=n"ad/ . .and ¢ = _TZ"rad and move over an obstacle with height 36mm

and width 107mm located on the robot path as shown in Fig. 15. The experiment conducted on the robot

starting from a same initial position relative to the obstacle and repeated five times for K; =

k,

N |
Wl

E ) e 1_k0 (K is the stiffness of the elastic element) to investigate the effect of joint stiffness.

)

As a result of the test, the stiff joint strategy with K; =K (without stiffness control) proved to be

totally ineffective in every trial, due to the robot getting stuck or the whole robot “rolling-over” to one
side as shown in Online Resource. 3. On the other hand, compliant strategy with K; = lg( proved to be

effective to traverse over the obstacle in every five trials, where by average it took 22.6s for the whole

robot to move over the obstacle.

Fig. 15 shows the experiment, where the robot successfully moves over a stair-type obstacle with
the height of 55% of the diameter of snake robot modules, where the blue plate attached to the top of
the obstacle is only for higher friction and to avoid slipping and has been consistent for every
experiments. As seen in Fig. 15, the robot is actually touching the obstacle and moving over it, instead
of trying to avoid collision. It should be mentioned that, in this experiment, unlike similar works*3H9,
which prior knowledge about the position and exact height of the obstacle and pressure sensor signal is

required to move over an obstacle, the robot was not provided with any information about the position



15
or dimension of the obstacle or pressure sensor data, hence the adaptability is achieved only because of

the compliancy of the joints.

The compliancy of the joints in this experiment plays the most important role to achieve
adaptability. In this test, once the robot touches the obstacle, the motor torque signal, measured using
the elastic element will be treated as a feedback signal, as shown in Fig. 13 to alter the commanded joint
angles, this is also evident in the experiment shown in Fig. 14.b, where changing the joint stiffness
resulted in adaptation of the joint trajectory. Hence, as the result of using this control strategy the robot
joints behave like a virtual spring (in response to external forces), which its stiffness can be varied

actively.

However, it should be mentioned that, in case the amplitude of the wave in (3) is too small
compared to the height of the obstacle, visual feedback from the head module camera should be
combined with the presented method to increase the amplitude of the wave if necessary. Moreover,
although the joint compliancy is an effective strategy for climbing over the stair type obstacle, in real
world applications, one can consider varying the joint stiffness to increase the stiffness of the joint on
smooth terrain for higher forward speed and decrease the stiffness to achieve higher adaptability based

on visual feedback or other environmental information.

Finally, to investigate if this control strategy is applicable to other scenarios, where the height,
width and number of obstacles are different, another test environment constructed as shown in Fig. 16.

In this experiment the robot was commanded to start moving based on pedal wave motion pattern (3)
with the same gait parameters as the previous tests with K; = K/6 to climb over two obstacles placed

on the path of the robot with the dimensions as shown in Fig. 16. As can be seen in Fig. 16 the robot
successfully climbs over the obstacles with the same gait parameters and desired stiffness, which shows
the effectiveness of the proposed control strategy.

As shown in Fig. 16, the robot, without changing the gait parameters, can successfully traverse over
two obstacles with the specified dimensions. This experiment is relatively more complicated than the

previous test because the robot can simultaneously be in contact with three surfaces with different height
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(See Online Resource. 4). Without the stiffness control, the robot can easily roll over to one side when
moving over these obstacles because of the lack of side stability due to narrow width of the robot links.
This is not an issue with the pedal wave motion on a smooth surface, because the robot progress on a
straight line and the centre of mass of the robot will be located inside the convex hull of the contact
points. However, on uneven terrain, the proposed stiffness control strategy partially addresses this issue
by decreasing the amplitude of the oscillation of the middle joints. As shown in Fig. 10 and Fig. 11, the
middle joints of the robot, i.e. the joints closer to the centre of mass of the robot, will be subject to
higher external torque, hence because of the stability of the proposed admittance controller the
amplitude of oscillation of these joints will be smaller compared to the joints further away from the
centre of mass. Hence the centre of mass of the robot remain closer to the ground compared to open-
loop control strategy, which increases the side stability. It should be mentioned that another method to
address this issue is to design the robot with 3D joints to add lateral motion to compensate the narrow

width of the links.

5 Conclusion

In this paper, design and manufacture of modular snake robot with 3D printed joints and
Polyurethane based SEAs presented. Using finite element analysis, the optimized design for the elastic
element obtained and the final part manufactured with water jet cutter, hence unlike similar works,
design and development of the proposed design robot does not involve complicated and costly
manufacturing process. The elastic element modeled as a zero order torsional spring and eventually the
resolution of the torque measurement mechanism obtained to be 0.01Nm, which satisfied the design
constraints. Moreover, the efficacy of the torque measurement mechanism verified by comparing
experimental results with the results of a simulated dynamical model of pedal wave motion, which
proved the effectiveness of the proposed mechanism. To investigate the effectiveness of active stiffness
control strategy, an admittance controller also designed and implemented, and its effect studied in single
joint of the robot, which showed that by changing stiffness the trajectory of the joint can be changed in

response to external forces. Finally, the proposed controller implemented on the robot, which enabled
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it to successfully climb over an obstacle with the height of 55% of the diameter of snake robot modules,
which was not possible with open loop controller. This showed that compliancy is indeed an effective
strategy for generating adaptive pedal wave motion. The next avenue of the future work, could be
extending the proposed controller to 3D snake robot gaits, such as sidewinding and incorporating visual
feedback from the head camera into the controller to take into account the case, which the wave

amplitude is too small compared to the height of the obstacle.
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Appendix
The details of matrix M(g) in (4) is as follows:

M(g) = m(B, + ASC)T (By + ASHC) + m(B, — ACLC)T (B, — ACHC) +JCTE,  (Al)
where m and j are the mass and moment of inertia of each link and other matrices are defined as follows:

v=[1 1 .. 1%«

BlNX(N+2) = [ONXN—I |4 0N><1]

Bsz(N+2) = [Oyxn-1 Onx1 V]
[ 0 0 .. 0
2L L 0 .. O
H=|2l 21 I .. 0 )
20 21 21 .. Upyxw

rl 1 1 1'|
0 1 1 1
F=1l0 0 1 1 )

l0 0o 0 .. OJ
Cnxv+2) = [F V. Onxz],

So = diag(sin(@l),sin(ez), ...,sin(GN)),
Co = diag(cos(@l), cos(6,), ..., cos(GN)).

The matrix C(g, ¢) in the model presented in (4) can be obtained as follows:
C(q.9) =

m{B]ACydiag(C4)C + CTCydiag(Cq)A"B, + C"S4ATACydiag(Cg)C
+ CTCydiag(Cq)ATAS,Clq
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+m{B}ASydiag(Cq)C + C"Sydiag(C4)A"B, — CTCyAT ASydiag(Cg)C

— CTSpdiag(Cq)ATAC,Clg
[ 4"By ACodiag(C)Cq | [ 4'CTCodiag(C)A'B1g ]
+ ™ §"B,"ACediag(€C;)C4 +% chTcediag(cz)ATqu
_o'z,TBlTAngiag(C’ZN+1)Co'I,- _q,TCTCGdiag(CZNH)ATqu_
[ G"B,"ASediag(€)€q | [ 47CTSydiag(€)ATByg ]
+% qTBZTAsocgiag(cz)cq +% 47C"Spdiag(C)A" B2
14"B,"ASydiag(Cyy.1)C4. 4" CTSgdiag(Coy.1)AT B2 4]

[ g7 (€T€Cediag(C)ATMAS,C + CTSyATMAC,diag(C,)C)g ]
ml gl(eTeydiag(C,)ATAS,C + CTSyATACydiag(C,)C)g

_q,T(CTcgdiag(C’ZNH)ATASgC + CTS(,ATAC’Gdiag(CZNH)C)q._

q,T(C’TSGdiag(C’l)ATACGC’ + CT69ATASgdlag(Cl)C)(l
ﬂ v(C’TSQdiag(C’Z)ATACGC + CTCQATASgdlag(Cz)C)q. (AZ)

14T (CTSpdiag(Cop:1)ATACHC + CTCyATASydiag(Cop.1)C) 4]

where
CNX(N+2) = [:F |4 0N><2] = [61' C,, ---'CN+2]

and gravitational force vector g can be obtained to be:

G = mgV' (B, — AC,0), (A3)

where g is the gravity constant.



(a) CAD Model of the final elastic element design
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(b) Finite element analysis results
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Fig. 1 The final design (dimensions are in millimeters).
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Fig. 2 Calibration results.



(a) Body design

Fig.

3 Module main parts.

(b) Connector design
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Fig. 4 CAD model of the assembled snake robot module.
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Fig. 5 Final joint assembly.
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Fig. 6 Snake progression with pedal wave motion.
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Fig. 7 Body shape of the robot performing pedal wave motion.
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Fig. 8 Spring damper contact model.
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Fig. 9 Simulated dynamical model of pedal wave motion.
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Fig. 12 The body shape of the snake robot during pedal wave motion.



Fig. 13 Single joint admittance control block diagram.
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Fig. 15 The robot climbing over an obstacle
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Fig. 16 The robot climbing over two obstacles



Table 1 Specifications of the servo motor

Dimensions (mm)  45(W)x24(D)x31(H)

Weight (g) 45
Nominal input voltage 7.4
Stall torque (kg.cm) 12
Maximum speed 6.30
Rotation angle range 5.58

Gear ratio 1:256
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Online Resource. 1 The video demonstrating the pedal wave locomotion on smooth surfaces
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Online Resource. 2 The video showing the effect of admittance controller on single joint of the robot with
constant input position reference
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Online Resource. 3 The video demonstrating the effect of varying joint stiffness on the snake robot
locomotion while climbing over an obstacle
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Online Resource. 4 The snake robot climbing over two obstacles employing joint level
admittance controller



42
Table of figures

Fig. 1 The final design (dimensions are in millimeters).

Fig. 2 Calibration results.

Fig. 3 Module main parts.

Fig. 4 CAD model of the assembled snake robot module.

Fig. 5 Final joint assembly.

Fig. 6 Snake progression with pedal wave motion.

Fig. 7 Body shape of the robot performing pedal wave motion.

Fig. 8 Spring damper contact model.

Fig. 9 Simulated dynamical model of pedal wave motion.

Fig. 10 First joint torque signal.

Fig. 11 Third joint torque signal.

Fig. 12 The body shape of the snake robot during pedal wave motion.
Fig. 13 Single joint admittance control block diagram.

Fig. 14 The effect of varying joint stiffness on motion of the joint (a) Experiment set-up (b) Effect of
Kd on joint angle q

Fig. 15 The robot climbing over an obstacle

Fig. 16 The robot climbing over two obstacles



