A Screw-less Solution for Snake-like Robot
Assembly and Sensor Integration

Guoyuan Li, Peter Verdru, Wei Li and Houxiang Zhamgepartment of Ocean
Operations and Civil Engineering
Faculty of Engineering
Norwegian University of Science and Technology
Postboks 1517, N-6025, Aalesund, Norway
guoyuan.li@ntnu.no, peterve@stud.ntnu.no, wei.li@ntnu.no, hozh@ntnu.no
Juan Gonalez GmezRaobotics Lab
Universidad Rey Juan Carlos
Madrid, Spain
juan.gonzal ez.gomez@urjc.es

Abstract

Assembly or repair of snake-like robots are often time camieg and low efficiency. This paper presents
a novel approach for module improvement that can efficieimiggrate sensors, micro-controllers and batteries
into the snake-like robot, without needing of any tools. Timplementation is built upon the GZ-1 module—an
open frame structure with only servo motor involved. Basadhe sliding mechanism, an intermediate module
accommodating two infrared sensors, one force sensor, atteryp and one micro-controller, together with a
terminal module used for mounting infrared sensor at eadroéthe snake-like robot is designed. Thus, screw-less
assembling a snake-like robot can be achieved. In add#icircuit board is developed for the micro-controller and
peripherals connection. A master-slave software framlewaking advantage of wireless communication capability
of the micro-controller is implemented, enabling remotatoml/monitoring of the snake-like robot. Through a
case study of sidewinding locomotion , the screw-less gwius proven to be applicable on the snake-like robot.

Index Terms
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I. INTRODUCTION

Snake-like robots that inherit the features of biologiaakes, including distributed body mass, low
center of gravity and versatile locomotive patterns, haiaeed great attention for decades [1]. Their slim
mechanism, with a redundant design in a modular manner,myptodfers significant benefits in complex
environments where traditional robots with appendageh siscwheels or legs may fail to traverse, but
also, guarantees the robustness of the robotic system—tewdine failure of some of the actuators [2].

From the literature, the movement of snake-like robots ddpeon their configurations, as well as
auxiliary equipment. There are three categories of snitkelbcomotion, i.e., undulation using passive
wheels [3], [4], self-propulsion with powered wheels/tted5], [6], and pure body undulation [7]—[9].
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Through these diverse of prototypes, it is evident that thgigh of snake-like robots evolutes towards
more flexible motion mode, from planar movement to 3D gaitsnédular design in conjunction with a
pitch-yaw configuration is found to be flexible enough to imabifferent gaits, including sidewinding,
turning, rolling and rotating [8], [9].

Modularization, taking advantage of identical modules @&sdower design cost, is a popular way
used for designing snake-like robots. In general, a simpdeute consists of an actuator and a frame
to hold it, producing180° rotation in one degree of freedom (DOF) [7]-[11]. Higher DO&n also
be achieved within one module at the expense of a more com@dicstructure with more components
involved [12]. Depending on the control architecture, eig.a distributed implementation manner, a
micro-controller may be integrated into the module for cohpurpose. Based on that, the module can
further be equipped with on-board sensors, such as acoséeg gyroscope and force/torque sensors, for
a better perception of environment and sophisticated imai3], [14]. The module structure becomes
complex with integration of multiple sensors. A tradeoftyeen module size and the number of sensors
must be balanced, so as to achieve a compact design whilegsosg enough perceptual ability.

In order to assemble modules into a snake-like robot, s¢realtss and nuts are needed to secure the
connection between modules. If there is no independengrdyatires must go through each module for
power transmission. In addition, there will be more wiregdmmunication between modules is taken
into account. Therefore, assembly of a modularized sniéikerbbot requires extra tools and patience,
and is not as easy as putting a plug into a socket. Similaglglacing components for the snake-like
robot is also tough. Nothing is more annoying than disseamgbéind reassembling any components for
the robot. Some attempts have been made to ease the probym®extent. For example, Krupke et
al. use magnets for module connecting [15]. Although thehimetworks, it is still not efficient enough
to assemble a modularized snake-like robot, especiallgrimg of the wires, the screws and the sensors.

Our on-going project aims to develop a new snake-like madalbot that is simple to be reproduced
via fast prototyping, and is easy to configure and add senboithis paper, we focus on developing a
valid method to simplify the procedure of module connectoid sensor integration. The contribution of
the paper lies in two aspects. First, a screw-less solusipnaposed that modules with such characteristics
could be easily produced, put together and taken apart withnénal number of tools. Second, a real
snake-like robot has been implemented to verify the effengss of the proposed method.

The rest of the paper is organized as follows. Section Il iless the system requirements of the snake-
like robot. In Section 1ll, 3D model design for an intermddizomponent and a terminal component
based on a slide mechanism is presented in detail. Sectiontidluces the hardware and the software
realization. Experiment results are shown in Section Volwhis followed by conclusion and future work.

II. DESIGN GOALS

Developing a snake-like robot from scratch or based onhafghelf modules is a trade-off that one
must consider at the beginning. On the one hand, starting fitte scratch will free the mind for
mechanical design and enable the customization of all thgpooents. The downside is time consuming.
On the other hand, if the development is based on certaitirgxismodel, time used for module design
can be reduced but constraints for further integration naaserlater on.

In this project, we take the latter alternative, i.e. chogsan existing model as the basis and then
expanding its function. The GZ-I module [8], which is an iroped version of Y1 module designed
by Gonzalez-Gomez et. al [10], features low-cost and sirspigcture and is thus considered a suitable
choice for our project. Through 3D-printing, rapid protoityg of GZ-1 is feasible, as shown in Fig. 1.
The printed module is stiff enough to support the servo mottation and collision on the ground.

As the design goals, improvements will be made based on thé i@&@dule towards:
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Fig. 1. 3D printed GZ-I module.

TABLE |
SPECIFICATION OF INTEGRATED COMPONENTS IN ONE MODULE

Component Size Range Number
Circuit board | 58.4 x 44.5 x 20.0 mm — 1
LiPo battery | 45.0 x 34.5x 6.2 mm |3.7V/2000mAn 1
Infrared sensor29.5 x 13.0 x 13.5 mm| 4~30 cm 2~3
Force sensor| 16.0 x 40.0 x 0.4 mm| 0.1~10 kg 1

1) easy to plug-in/out other modules;

2) easy to mount/dis-mount sensors;

3) as less wire connection as possible between modules.

Following the last item, GZ-I will be expanded to be equippéth an onboard battery, forming a self-
powered module. Moreover, wireless device will be addedhenmtodule. Thus, no wires will be needed
between the modules. A circuit board including the congirodind peripheral connection is considered to
add into the module. The initial attempt will also integrat® types of sensors, i.e., the infrared sensor
and the force sensor for collision avoidance and gait staldhalysis. Table | lists the specification of
all the components that will be added onto the GZ-1 module.
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Fig. 2. 3D printed sliding connector.



Fig. 3. Intermediate modul€D) Battery housing{2) Battery holding holef3) Circuit board slot{4) Infrared sensor slotb) Force sensor
connection interface®) GZ-I sliding connector.

[1l. SCREW-LESSSOLUTION ON GZ-I MODULE
A. Siding mechanism

Sliding doors have been used for centuries. They are oftemdf@at mall entrances, cars and elevators.
The sliding mechanism is beneficial to save space, becaese th almost no room required when
opening the door. More importantly, the mechanism is sea@inee the door cannot be lifted out of its
track.

Inspired by this, a 3D printing connector is developed, aswhin Fig. 2. The sliding connector can
be nested on the connecting face of GZ-I, and use the metestaéngth and flexibility to hold the
part in place. Because the sliding direction and the rotasirig of the servo motor is perpendicular,
the connector is prevented from sliding out of the GZ-1 meddihe same mechanism will be used for
module connection and sensor integration, as seen in 8dttiB.

B. Intermediate module

Considering that the GZ-I module is an open frame structdres, mot wise to add the sensors and
the battery on the module directly, as it violates its singiteicture principle. Therefore, an intermediate
module is proposed, taking the following aspects into antou

« battery housing;

« circuit board housing;

« sensor holding;

o GZ-I connecting.

The intermediate module 86 x 66 x 49 mm in size and can be printed as one fully part, as shown
in Fig. 3. It is worth noting that the current version of théeirmediate module only supports pitch-yaw
connection of GZ-1 modules, as depicted @y in Fig. 3.

Fig. 4a illustrates that the force sensor is glued on the heak of the intermediate module, and
its wire can go throughi®) in Fig. 3 to connect to the controller. The battery box for ttiBo battery
is designed in a way so that it could easily be inserted in akdrt out. This is the only part of the
intermediate module that does not directly uses the mégestilength and flexibility to secure its position.
Note that two holding pins are inserted into the two holdimiek to fix the battery in its place, as seen
in Fig. 4b. The circuit board can slide into the two horizdrsiats on the left and right side of the faces
until it touches the back face, as shown in Fig. 4c. The iefltagensors use the same principle to secure
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Fig. 4. Intermediate module assembly.

Infrared sensor slot

Fig. 5. Terminal module for head/tail infrared sensor mounting.

themselves. Vertical slots are designed so that the patiseoihfrared sensor that are normally used to
put a bolt through, can slide into the slots, as illustratedrig. 4d. In Fig. 4e, the sliding mechanism
to secure the intermediate with the GZ-I module is presentidice that since the rotating axis of the
GZ-1 module and the sliding direction are orthogonal, thavgy will prevent the module from sliding
out.

C. Terminal module

The terminal module is special designed for mounting sensach as infrared sensors and cameras at
each ends, enabling the snake-like robot to perceive atsrigpdy length direction. For current prototype
development, only infrared sensors are considered to bedadd the terminal module.

Fig. 5 shows the terminal module. Again, by using of the slidmechanism the mounted infrared
sensor can be secured on it. In addition, the bottom platbeot@érminal module is extended a little bit,
so that it can connect to the sliding connector of the inteliate module from(6) in Fig. 3.
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Fig. 6. Auxiliary module for connection between the GZ-I module and thaitexl module.

TABLE Il
SPECIFICATION OF THE SNAKELIKE ROBOT IN FIG. 7

Snake-like
robot

GZ-lI | Intermediate| Terminal | Auxiliary | LiPo | Infrared| Force
Component]
module module module | module | battery| sensor | sensor
Number 5 5 2 1 5 12 5
Dimension 66 x 66 x 615 mm
Weight 950 g

Because an intermediate module pairs with a GZ-1 module,dicates that after the assembly of a
snake-like robot, one end will be an intermediate module twedother end must be a GZ-1 module.
Considering there are no connectors between the GZ-1 modulettee terminal module, an auxiliary

module is designed to address their connection, as depitted). 6.

D. Assembly of a snake-like robot

If the controller on the intermediate module is capable aoEleiss communication, no wires are required
between modules. As a result, a snake-like robot can beyeassiembled based on the intermediate
module, the terminal module and the auxiliary module, withneeding any screws, bolts and nuts.
Fig. 7 shows a pitch-yaw connected snake-like robot as ampbeaof the screw-less connection result.
Its specification is listed in Table Il. The snake-like rololl also be used for experimental verification

in Section V.

Fig. 7. Screw-less assembly of a snake-like robot.
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Fig. 8. Circuit board with an ESP32 Thing plugged in.

IV. HARDWARE AND SOFTWARE DEVELOPMENT
A. Hardware development

A relative new micro-controller called “ESP32 Thing” [1&] selected as the controller of the system.
The reasons lie two twofold. First, it contains the WiFi saeiver to satisfy the requirement of screw-less
solution. Second, the ESP32 Thing has rich I/O resourcesirgadrated LiPo battery charger, which
means the system has the ability for expansion.

To simply the connection between the ESP32 Thing, the lyatted the sensors, a circuit board is
developed, as shown in Fig. 8. Its dimension can be seen ifte Talf-or the battery, there are two
groups of pins utilized, one for the ESP32 Thing, and therdiinethe circuit board and thereby for the
sensors and the servo motor attached. Because the ESP32 hEsra working voltage of 3.3V while
the servo motor works at 5.0V, a step-up regulator is usedutvamtee the servo motor can generate
enough force/torque. In addition, a mosfet is added in thauitiboard for energy saving, which enables
the infrared sensors only when they are about sensing. THisave up to 60% power consumption.

B. Software devel opment

Considering each ESP32 Thing in the intermediate moduleagmt Wifi transceiver, it is possible to
build up a local area network (LAN) through a router, so tlit tommunication can be made between
not only the ESP32 Thing, but also any other devices suchsema computer (PC) and mobile phone
that can access the router.

In this project, a control system is developed on a PC and 813 Thing towards the goals including:

. real-time sensor data transmission and collection

« gait generation and parameter adjustment

. advanced control algorithm for adaptive locomotion

Fig. 9 depicts a master/slave structure for data transomssiteraction and control between the master
on the PC and the slaves on each ESP32 Thing. The user datagotonol (UDP) is used taking the
communication efficiency into account. The master plays tales in the system. First, it listens to a
service port to receive UDP packets which contains sensar idéormation from the slaves. The data
will be parsed for either visualization in a real-time manaebeing further filtered to support advanced
control algorithms. Second, by comprehensively analyzimg sensor data, a responding gait can be
generated, which contains the motor angles for each sldweselmotor angles will be coded in a fixed
array in a UDP packet and then broadcast out to the whole mietwo

For the slave side, accordingly, there are two functionslemented on the ESP32 Thing. The first
one is to formulate the sensor data in a specific sequence DRapgacket and send it out once the timer
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Fig. 9. Control system structure.

Fig. 10. Snapshots of onsite sidewinding locomotion experiment in oniedpefhe red line is used as a reference for observing
displacement.

used for regular sensor data transmission is expired. Thner diinction is to parse the broadcast packet
from the master to extract the desired motor angle for theesponding servo motor; then set a proper
PWM signal to drive the servo motor to the desired position.

As a result, the control/monitoring of the snake-like rolmtable to be performed from the PC.
Currently, we have achieved sensor data collection and gaiergtion for the snake-like robot. The
control algorithm for adaptive snake-like locomotion i8l stnder development. Since this part of work
is beyond the concern of this paper, we leave it aside andt @# future work.

V. EXPERIMENT

An experiment was carried out to investigate the locomotiapability of the assembled snake-like
robot, and thus proof the effectiveness of the screw-lekdisn. The five DOFs snake-like robot (two
modules in yaw direction and the other three in pitch dimgtishown in Fig. 7 was used as the test-bed
of the experiment. The goal of the experiment is to realizewinding locomotion on the snake-like
robot, while guaranteeing sensor data collection to the PC.

Sidewinding is a sideways type of locomotion that is used bgkes when moving on the sandy
surfaces of the desert [17]. First, the snake lifts its hefhthe ground and sets it down a short distance
away. Then, the rest of its body follows the path of the heath \&i constant phase difference. The
movement repeats and leaves a series of disconnected sakd &m the surface.

To replicate the behavior onto the snake-like robot, therobsequence of these modules needs to be
considered. Inspired by the central pattern generators J@R(Bis responsible for coordinated pattern of
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Fig. 11. Raw sensor data from the head module.

rhythmic activity generation, many CPG-based methods haea lproposed and applied on bio-inspired
robots for gait generation [18]—-[20]. Here, we follow thenw§21] and use two groups of sine generators
for gait implementation:

0,(i,t) = Ay - sin(wt + (i — 1)¢,/2), i€{L,3,5}
O,(i,t) = Ay, - sin(wt + (i — 2)Py /2 + 1py), @ € {2,4}

whered is the reference angle for the module joidt;represents the amplitude; denotes the angular
frequency;p represents the phase difference within one group of theganerators; and indicates the
phase difference between the pitch and the yaw groups ofggnerators.

Fig. 10 shows the video snapshots for the onsite expeririéetsidewinding locomotion was realized
with parametersA = 15, w = 2.5, phi = 2.1 andy = 0.2. Two body waves are presented: one leads
to the robot’s modules lifting and moving one by one from tleadh (left) to the tail (right); the other
results in lateral movement towards the camera. The rawoselada was succeeded to be collected. For
simplicity, Fig. 11 only depicts the raw data from the fronfrared sensor and the force sensor on the
head module. The result reveals that the two sources of datardi-phase, and both of them have a
period about 2.5s, which is consistent to the period of the gienerator.

As a result, we conclude the screw-less solution is usefutiie snake-like robots and applicable in
real applications.

VI. CONCLUSION

In this paper, we emphasize a screw-less solution thaitétets snake-like robot assembly and sensor
integration. Taking the simple GZ-1 module as basis, twas/pf modules are special designed, including
the intermediate module for holding sensors, micro-cdietr® and batteries, and the terminal module
for mounting sensors at each end of the robot. Both of them raakeof the sliding mechanism to add
sensors and connect the GZ-1 module, as a result achievsegrénding the robot without any tools. A
circuit board is developed to connect all the hardware togreBased on that, a software with a master-
slave structure is implemented, which enables sensor dfiexiton and the GZ-I module actuation from
a remote computer. An onsite experiment about sidewindisgrhotion shows the effectiveness of the
proposed method.



Future work will focus on improving the intermediate modatennector to remove the constraint of
pitch-yaw connection for the snake-like robot. Furtherepave will continue to add more sensors such
as accelerometer and gyroscope on the snake-like robotnea its perception capability.
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