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2TAMS, Department of Informatis, University of Hamburg, Germanyemail: {Juan.gonzalez,Eduardo.Boemo}�uam.es,{hzhang,zhang}�informatik.uni-hamburg.deAbstrat� In this paper, a general lassi�ation of themodular robots is proposed, based on their topology andthe type of onnetion between the modules. The loo-motion apabilities of the sub-group of pith-yaw on-neting robots are analyzed. Five di�erent gaits havebeen implemented and tested on a real robot omposedof eight modules. One of them, rotating, has not beenpreviously ahieved. All gaits are implemented using asimple and elegant entral pattern generator (CPG) ap-proah that simplify the algorithms of the ontrollingsystem.Keywords�modular robots, snake robots, loomotionapabilities, CPG; I. IntrodutionThe last few years have witnessed an inreasing in-terest in modular reon�gurable roboti tehnologies.The appliations inlude industrial inspetion[1℄, urbansearh and resue[2℄, spae appliations[3℄ and militaryreonnaissane.Modular robots are very interesting for researh pur-poses. New on�gurations an be built very fast andeasily, for the exploration, testing and analysis of newideas. Therefore, fast robot prototyping is another im-portant harateristi of modular robotis, in additionto versatility, robustness and low ost[4℄.A general lassi�ation of the di�erent on�gurationsof modular robots is essential for the study of their prop-erties. This is not easy beause of the in�nite numberof prototypes that an be built. It is even worst dueto the exponential growths of the number of on�gu-rations with the modules. As muh modules are used,muh more on�gurations are possible. Therefore, alassi�ation is needed to group the on�gurations andto analyze the properties of the sub-groups.Suh lassi�ation is proposed in this paper, based onthe topology of the robots and the type of onnetionbetween the modules. It is further developed in setionII.The sub-group of pith-yaw onneting robots arevery interesting beause they feature snake's struture.Some researhers have studied the loomotion proper-ties of these robots. A deeply analysis was performedby Dowling[5℄. He foused on learning tehniques tomove the snake robots. He simulated di�erent gaits:side-winding and rolling among others. Very interest-ing onlusions are obtained, but the results are noteasy to implement on a real robot.Mori[6℄ ahieved di�erent kinds of lateral rolling gaitson ACM-R3 robot and Chen[7℄ studied it deeply andproposed to use it in pith-yaw onneting robots toross over obstales. Stoy et al.[8℄ tested the side-

winding gait in a pith-yaw on�guration omposed ofConro Modules[9℄. A very interesting simulation of theside-winding gait generated by means of geneti pro-graming was ahieved by Tanev[10℄.For the ontrol algorithm, the CPG approah hasbeen suessfully implemented on some modular robots,like Amphibot II[11℄, Yamor[12℄, M-TRAN[13℄ and alsoon non-modular robots like Aramies[14℄.In this paper we foused on �nding the loomotionapabilities of the pith-yaw on�gurations in general,using a sinusoidal CPG approah that an be imple-mented easily in an eight-bit miroontroller. A pith-yaw onneting modular robot with eight modules havebeen built for testing. Five di�erent gaits have beenahieved on the real robot. One of them, the rotatinggait, is a new one that has not been previously per-formed in other similar robots, from the best of ourknowledge.In previous work we have studied the pith-onneting on�gurations[15℄ and the loomotion apa-bilities of 1D and 2D minimal on�gurations[16℄.II. A general lassifiation of the modularrobotsA new lassi�ation of modular robots is proposed,based on their topology and the onnetion betweenadjaent modules. The diagram is shown in Fig.1. Someprevious ideas of other researhers are inluded.Mark Yim and other researhers at Palo Alto Re-searh Center (PARC) established a �rst lassi�ationof modular robots in two groups: lattie and hainrobots. The former arranges modules to onform a grid,just like atoms onforming omplex 3D moleules orsolids. Examples of this robots are:[17℄[18℄[19℄. One ofthe promise of this kind of robots is building solid ob-jets, like a up or a hair, and then rearranging theatoms to form another solid. The latter strutures areomposed of hains of modules. For example, the stru-ture of a four legged robot an be thought as �ve hains.A hain at as the main body (or the ord) and anotherfour hains onform the legs. Chain robots are suit-able for loomotion and manipulation sine the modularhains are like legs or arms.A new sub-lassi�ation of hain robots aording toits topology is proposed. Three new sub-groups appear:1D, 2D or 3D hain robots (Fig. 2) . If the robotonsist of a series hain of linked modules, the topologyis a 1D hain. Two or more hains an be onnetedforming 2D topologies like triangles, squares, stars andso on. All these on�gurations an be �tted into a plane
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MODULAR ROBOTS

Lattice Robots 2D and 3D structures

Chain Robots

Only one chain of modules

Two or more chains connected along different axes

Serpentine robots Propulsion derived from wheels or tracks

Composed of chains of modules

Propulsion derived from body motionsSnake robots

2D and 3D topologies

1D topology

Rus et al. (2001)
Suh et al. (2002) [Telecubes]
Winckler et al. (2004) [Atron]

JL−1 (Zhang et al., 2006)
Omnitread (Granosik et al., 2005)
Genbu (Kimura et al.,2002)

ACM (Hirose 1993)
ACM−R1 (Endo et al., 1999)

Amphibot I (Crespi et al., 2005)
WormBot (Conrad, 2003)
S5 (Miller et al., 2002)
SES−2 (Ute et al., 2002)
(Ma et al., 2001)

Yamour (Moeckel et al., 2005)

Polybot (Yim et al., 2002)
M−TRAN (kurokawa et al., 2003)
(Chen et al., 2004)
Cube Revolutions (Gonzalez et al., 2004)

PP (Gonzalez et al., 2005)

M−TRAN (kurokawa et al., 2003)
ACM−RE (Mori et al., 2002)
Polybot (Yim et al., 2002)
Conro (Castano et al., 2000)
(Dowling 1997)

SMA (Yamakita et al., 2003)
(Chen et al., 2004)
Yamour (Moeckel et al., 2005)
PYP (Gonzalez et al., 2005)Fig. 1. General lassi�ation of modular robots
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Fig. 2. Examples of the three sub-types of hain robots:a) 1D topology. A struture with only one hain ofmodules. b) 2D topology: a star struture, om-posed of three hain of two modules. ) 3D topol-ogy. A robot omposed of six hains of two modules.(when they are in its home state). Finally, the hainsan be onneted so that they do not �t into a plane,forming a 3D topology like a ube, pyramid, 3D starand furthermore.1D hain robots are like snake, worms, legs, arms orords. They an blend their bodies to adopt di�erentshapes. They are suitable for going though tubes, grasp-ing objets and moving in rough terrain. If the lengthis enough, they an form a loop and move like a wheel.2D and 3D hain robots an move by body motions orusing legs. In general, they are more stables, beausethey an have more points ontating with the ground.The family of 1D hain robots an be divided intotwo groups. Granosik et al.[1℄ propose to all them ser-pentine and snake robots. The former have wheels or
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Fig. 3. Di�erent onnetions for a snake robot. a)Pith onneting. All the modules rotate aroundthe pith axis. b) Yaw onneting. The modulesrotate around the yaw axis. ) Pith-yaw onnet-ing modules. Some modules rotate around the pithaxis, and others around the yaw.traks for propulsion and the latter are propelled bybody motions (this group also inlude the robots thathave passive wheels to ontat with the ground). Exam-ples of serpentine robots are Omnitread[1℄, JL-I[20℄ andGenbu[22℄. Serpentine robots an also have ative jointswhih enable them to propel themselves using body mo-tions, even if the primary propulsion system is a spe-ial driving wheels. The priniples of the loomotion ofsnakes robots an be applied to them too. For example,the JL-I robot an perform a lateral shift and rotatinggait whih are developed for a snake robot.Snake robots an also be divided in three sub-groupsaording to the onnetion axis between two adjaentmodules: pith onneting, yaw onneting and pith-yaw onneting (Fig. 3).The yaw-onneting snake robots move like the realsnakes. All the joints rotate around the yaw axis, pro-pelling the robot like a real snake. In order to get pro-pelled, these robots reep along a given urve path, butthe body should slip in the tangential diretion with-out any sliding in the diretion normal to the bodyaxis. These onditions are met with passive wheels,but another type of speial skin an be used. Therehave been an ative researh on these robots. Yaw-onneting robots were �rst studied by Hirose[23℄. Hedeveloped the Ative Cord Mehanism (ACM). A newversion, ACM-R1 was developed in [24℄.Ma et al. also developed his own yaw-onnetingrobot and studied the reeping motion on a plane[25℄and on a slope[26℄. Another prototypes are SES-2 [27℄,S5 [28℄, WormBot[29℄ and Amphibot I[11℄, whih hasbeen designed for swimming.The pith-onneting robots only an move in 1D,forward or bakward. Its movement an be generatedby means of waves that travel the body of the robotfrom the tail to the head. The robots move in di�erentways aording to the wave parameters (amplitude, fre-
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Fig. 4. The Y1 module. A very heap and easy to buildmodule.
Fig. 5. The pith-yaw-onneting modular robot builtto test its loomotion apabilities (Image on theleft). It is omposed of 8 linked modules (image onthe right).queny, wavelength...). Although the pith-onnetingstruture is one of the simplest on�guration, it an per-form a simple self-reon�guration, for example forminga loop and moving like a wheel. In previous work, wehave studied deeply this type of strutures[15℄. Othermodular robots an be onneted in this way like Poly-bot[4℄, M-TRAN [13℄, Yamour [12℄, and the robot devel-oped in the Robotis Laboratory of Shenyang Instituteof Automation [7℄.The pith-yaw-onneting modular robots have somemodules that rotates around the pith axis and oth-ers around the yaw axis. These robots have new lo-omotion apabilities, like side-winding, rotating androlling. Some pith-yaw-onneting robots has moduleswith two DOF, like the Conro modules[9℄. Others haveone DOF and an only be onneted in a pith-yaw way,like ACM-R3 [6℄, SMA[30℄. Some modules an be on-neted both in pith-pith and pith-yaw on�gurations:Polybot[4℄, M-TRAN [13℄, Yamour [12℄, and [7℄. Thisharateristi makes the modules more versatile.III. An overview of the new pith-yawonneting modular robotA. MehanisA pith-yaw onneting modular robot has been de-veloped for loomotion testings. The prototype is basedon the Y1 module (Fig 4), whih has been also usedfor building a worm-like robot[15℄ and some minimalon�gurations[16℄ in previous work. It is a very heapand easy to build module. It only have one degree offreedom, atuated by an RC servo. There are two on-netion surfaes for attahing another modules. Therotation range is 180 degrees.The robot onsists of eight modules onneted in ahain (Fig. 5). Four of them rotate around the pith
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a) b)
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Fig. 6. a) Two Y1 modules in a 90 degrees onnetion.The modules rotates around the pith and yaw axesrespetively. b) The robot is made of four of thisbasi unions between the modules.
a) b)Fig. 7. a) the PIC16F876 based ontroller used . b)The eletroni is onneted to the robot by a able.axes and the other four around the yaw axes respetively(The basi onnetion is shown in Fig. 6). Two adjaentmodules are onneted rotating 90 degrees so that onemoves around the pith axis and the other around theyaw axis.B. Control hardwareThe eletroni and power supply are loated o�-board. Y1 modules have been designed for fast proto-typing and for the study of the loomotion apabilitiesof the modular robots. All the loomotion algorithmsare exeuted on a PC that ommuniates with the ele-tronis by RS-232 onnetion.The hardware omprises a small board based on the 8-bit PIC16F876 miroontroller (Fig. 7). It is in hargeof generating the pulse width modulation (PWM) sig-nals that position the servos. Software in the PC sendthe desired position of the servos to the ontrol boardwhere the PWM signals are generated. The ontrol isin open loop. There is no feedbak from the servos.IV. Control approahThe ontrol of the robot is based on CPGs to pro-due rhythmi motion. One CPG per module is usedto ontrol the variation of the rotation angle.In our previous work with minimal on�guration[16℄,sinusoidal signals were used for ontrolling eah joint.This simpli�ed CPG produe very smooth movementsand has the advantage of making the ontroller muhsimpler. Our model of CPG is desribed by the follow-ing equation:
pi = Ai sin

(

2Π

Ti

t + Φi

)

+ Oi, i ∈ {1, 2, ..8} (1)
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Fig. 8. A graphial representation of the ontrol ap-proah. Eight sinusoidal CPGs are used to ontrolthe rotation angle of eah module. They are dividedinto two groups: horizontal(Hi) and vertial(Vi)Where pi is the position angle of the artiulation i.For eah CPG there are four parameters: the amplitude
Ai, the period Ti, the phase Φi and the o�set Oi. Asthere are eight CPGs, the total number of parametersis 32. In order simplify the study of the loomotionpriniples, a number of assumptions are applied:
• All the modules move with the same period: Ti = T

• The modules are divided in two groups: vertial andhorizontal modules. There are four joints per group(Vi, Hj with i, j ∈ {1, 2, 3, 4} ).
• All the vertial and horizontal modules have the sameamplitude AV ,AH respetively.
• All the vertial and horizontal modules have the sameo�set OV ,OH respetively
• All the vertial and horizontal modules have the samephase di�erene between two adjaent modules △ΦV ,
△ΦV respetively
• Between the vertial and horizontal modules thephase di�erene is △ΦHVAll these assumptions mean that there are two groupsof CPGs, one for ontrolling the pithing modulesand the other for the yawing modules, as shownin Fig. 8. Therefore, there are only 8 essentialparameters for speifying the gaits: AV ,AH ,△ΦV ,
△ΦH ,△ΦHV ,OV ,OH and T . The equations for thesetwo groups are now:

Vi = AV sin

(

2Π

T
t + (i − 1)∆ΦV

)

+ OV (2)
Hj = AH sin

(

2Π

T
t + (j − 1)∆ΦH + ∆ΦV H

)

+ OH(3)V. Loomotion apabilitiesThe simulation has been programmed using the OpenDynamis Engine[31℄ (ODE) physial engine, in Clanguage. Five di�erent loomotion gaits have beenahieved using the sinus-CPG model desribed in se-tion IV. The values, ranges and restrition of the eightessential parameters that haraterize the di�erent gaitsare given.
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Fig. 9. 1D sinusoidal gait. The angles of the artiula-tions V1,V2,V3 and V4 are hanged aording to thefuntion depitedThe values of the Amplitudes AV , AH , if not spei-�ed, an vary from 0 to 90 degrees. The period (T ) hasbeen set to 20 units for all the gaits.A. 1D sinusoidal gaitFor the loomotion in 1D, forward and bakwardmovements are ahieved by means of variations onlyin vertial joints (AV 6= 0), with an o�set equal to zero(OV = 0). The horizontal modules are kept in theirhome position all the time (AH = 0, OH = 0). Thephase di�erene between the vertial CPGs is △ΦV =
120. As studied in previous works[16℄, the phase di�er-ene is the parameter that determine the oordinationbetween the joints. The value of 120 is the best. Therhythm pattern and the simulation state at three in-stants are shown in Fig.9.B. Turning gaitThe robot an move along an ar, turning left or right.The values of the parameters are as same as that in the1D sinusoidal gait (Fig. 10), but now an o�set in thehorizontal joints is applied (OH 6= 0). Therefore, thehorizontal joints are at �xed position all the time. Therobot has the shape of an ar. By hanging OH , theradix of urvature of the trajetory an be modi�ed.C. Rolling gaitThe robot an roll around its body axis. The samesinusoidal signal is applied to all the vertial joints anda ninety degrees out of phase sinusoidal signal is appliedto horizontal joints (Fig. 11). The amplitudes shouldbe bigger than 60 (AV > 60, AH > 60). The resultsare the same obtained with the pith-yaw-pith minimalon�guration studied in [16℄.
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Fig. 10. Turning gait. The same oordination is appliedthan in the 1D sinusoidal gait. The o�set of thehorizontal joints determines the ar.
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Fig. 11. The rolling gait. The same sinusoidal signalis applied to all the vertial joints and a ninetydegrees out of phase sinusoidal signal is applied tohorizontal joints
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Fig. 12. Rotating gait. Eight di�erent sinusoidal CPGsare used. A phase di�erene of 50 degrees is appliedto the horizontal joints and 120 for the vertialD. Rotating gaitThe robot an also rotate parallel to the ground lok-wise or anti-lokwise. This is a new gait not previouslymentioned by other researhers. The robot an hangeits orientation in the plane. Eight di�erent sinusoidalCPGs are used. A phase di�erene of 50 degrees is ap-plied to the horizontal joints and 120 for the vertial(Fig. 12).E. Lateral shiftUsing this gait, the robot move parallel to its bodyaxis. A phase di�erene of 100 degrees is applied bothfor the horizontal and vertial joints (Fig. 13). Theorientation of the body axis does not hange while therobot is moving.F. Loomotion areasThe lateral shift and rotating gaits di�er only in thevalue of the △ΦV and △ΦH parameters. Their valuesdetermine whih gait is performed. A piture show-ing the relations between △ΦV and △ΦH is drawn inFig.14. There are three regions. In the middle there arean area in whih the robot perform a lateral shift to theright. There are two parallel sub-regions in whih the
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Fig. 13. Lateral shift gait. Eight di�erent sinusoidalCPGs are used. A phase di�erene of 100 is usedboth for the horizontal and vertial jointsrobot rotates anti-lokwise. In the transitional areas,the movement is not well de�ned. It is a mixture be-tween both gaits. In the rest of points, no loomotionis performed.The further analysis of these regions and the deter-mination of the best points in them is left as a futurework. VI. ExperimentsAll the loomotion apabilities have been suessfullyimplemented and tested on a real robot. Using the 1Dsinusoidal gait, the robot is apable of going through anarrow pipe (Fig. 15). Also, it an traverse a urvedtube by means of the turning gait (Fig. 16).The robot an move parallel to its body axis using thelateral shift gait (Fig. 17) and also an rotate to hangeits orientation in the plane (Fig. 18). Both gaits havea little error. When performing lateral shift, the bodyof the robot also experiment a small rotation. It is notmoving perfetly parallel to its body axis. Also, whenperforming rotation, it has a small displaement. Bothe�ets an be orreted by mixing these two gaits. If therobot has to move a long distane parallel to its bodyaxis, after some time, a rotating gait an be perform toorret the error on the body orientation.Finally, the experiments on the rolling gaits are shownin Fig.19. The robot moves very smoothly. If an am-plitude of 90 is used (AV = 90, AH = 90) the robothas the shape of a square and no global displaement isahieve. The four sides roll inside or outside the squareat the same time.

0 90

90

60

60

180

1808070 100 110 120 130 140 150 160 17040 502010 30

10

20

30

40

50

70

80

100

110

120

130

140

150

160

170

∆Φ
V

∆Φ
H

Tra
ns

itio
n a

re
a

Shif
t r

igh
t

Tra
ns

itio
n a

re
a

Rota
tin

g a
nti

−clo
ck

wise
Rota

tin
g a

nti
−clo

ck
wise

Fig. 14. Areas of loomotion for the di�erent parame-ters △ΦV , △ΦH when △ΦHV = 0 is set.
Fig. 15. An example of 1D Sinusoidal gait. The robotan go through a tube.VII. Conlusion and future workA lassi�ation for the modular robots has been pro-posed based on the topology and the type of onnetionbetween the modules. Pith-yaw onneting robots area sub-group of snake robots in whih the modules rotatearound the pith and yaw axes. The loomotion apa-bilities of an eight pith-yaw onneting robot has beenimplemented and studied on a real robot. Five di�erentgaits have been ahieved: 1D sinusoidal, turning, lateralshift, rotating and rolling. All of them have been im-plemented using a sinusoidal CPG approah. We haverealized all gaits mentioned above and onluded therelationship of the di�erent phases and the loomotionapabilities. The information is summarized in Fig. 20.The suessful experiments on�rm the priniples of
Fig. 16. An example of the turning gait. The robot isgoing through a urved tube



Fig. 17. Experiments on lateral shift gaits. The robotmoves parallel to its body axis.CPGs and the loomotion apabilities of pith-yaw-onneting modular robots. All the gaits an be de-sribed by means of seven parameters: amplitude forthe vertial and horizontal joints (AV ,AH ), the o�set(OV , OH ), the phase di�erene between two adjaentvertial and horizontal joints (△ΦV , △ΦH) and thephase di�erene between horizontal and vertial mod-ules (△ΦHV ).The lateral shift, rotating and rolling gaits only di�erin terms of their phase di�erene. That means that thephase di�erene is the key parameter determining theharateristis of gaits.All of the researh results an be diretly imple-mented in the self-reon�gurable robot whih is our ul-timate researh objet.Currently, we are studying the limbing properties ofthe pith-yaw-onneting on�guration and the loomo-tion apabilities of 2D and 3D on�gurations. Also, anew generation of modules are being designed.Referenes[1℄ Granosik G., Hansen M., Borenstein J., The OmniTread Ser-pentine Robot for Industrial Inspetion and Surveillane. In-ternational Journal on Industrial Robots, Speial Issue onMobile Robots, vol. IR32-2, April 2005, pp. 139 - 148.[2℄ Zhang H., Wang W., Deng Z., Zong G., Zhang J., A NovelReon�gurable Robot for Urban Searh and Resue. Inter-national Journal of Advaned Roboti Systems,Vol.3 No.4,2006.

Fig. 18. Rotating gait. The robot an hange its bodyorientation in the plane.
Fig. 19. Experiments of the rolling gait[3℄ Yim M.,Roufas K.,Du� D.,Zhang Y., Eldershaw C. HomansS., Modular Reon�gurable Robots in Spae Appliations.Autonomous Robots, Volume 14, Issue 2 - 3, Mar 2003, pp.225 - 237.[4℄ YimM., Zhang Y., Du� D.,Modular Robots. IEEE SpetrumMagazine, February 2002, pp. 30-34.[5℄ Dowling, K., Limbless loomotion: learning to rawl witha snake robot. Ph.D. Thesis, Robotis Institute, CarnegieMellon University, Pittsburgh, PA.[6℄ Mori M., Hirose S., Three-dimensional serpentine motionand lateral rolling by Ative Cord Mehanism ACM-R3.Pro. of IEEE/RSJ Intelligent Robots and System, 2002,Otober 2002, vol.1, pp. 829-834.[7℄ Chen L., Wang Y., Ma S., Studies on lateral rolling loomo-tion of a snake robot. Proeedings of the 2004 IEEE Inter-national Conferene on Robotis & Automation, April 2004,pp. 5070- 5074.[8℄ Stoy K., Shen W., Will P., Global loomotion from loal in-teration in self-reon�gurable robots. Pro. of the 7th In-ternational Conferene on Intel ligent Autonomous Systems(IAS-7), Mar 2002, pp.- 309-316.[9℄ Castaño A., Shen W., Will P.,CONRO: Towards Deploy-
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