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Abstract

One of the applications of Unmanned Ground Vehicles (UGV) consists in conducting  tasks connected to 

removing and disposing of Improvised Explosive Devices (IED). The tasks are often performed in hard to reach 

places, on off-road terrain, with weights and dimensions of  explosives which require the use of work attachments of 

considerable lifting capacities. Due to this, it is necessary to equip the robot with suspension designed for performing 

such tasks. Because of variable character of the charges which are subjected to the chassis of robots, it is necessary to 

build a suspension with variable characteristics and examine efficiency of its action.  One of the research methods 

that can be used for that purpose are the simulations based on the method of Multibody Systems. The paper presents 

a hydro-pneumatic suspension system of an EOD robot, which has been developed at the Military University of 

Technology, describes its model, simulation findings and the initial verification thereof based on a real object. Apart 

from that, special consideration is given to the quality and effectiveness of UGV suspension systems. The development 

of a basic platform enables the use of the platform for various purposes as a carrier of a multi-sensor system for 

detecting dangerous materials or for carrying other attachments. 
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1. Introduction 

/NEOFTHEAPPLICATIONSOFROBOTSARETASKSCONNECTEDTOREMOVINGANDDISPOSINGOFUNEXPLODED
ORDNANCE�58/	ANDIMPROVISEDEXPLOSIVEDEVICES�)%$S	;���=�)TISOFTENTHECASETHAT)%$SAND
AN58/SARESITUATEDOFFROAD�RUBBLEHEAP�ROADLESSTRACT�ETC�	ANDTHEIRREMOVALORNEUTRALIZATION
REQUIRESWORKATTACHMENTSOFCONSIDERABLELIFTINGCAPACITY�APPROX� ���KG	SO ASTOPICKUPTHE 
ORDNANCEORMAKEWAYFORAPOTENTIALLYDANGEROUSOBJECT�

4HECIVILIAN�RELATIVELYCHEAP�ROBOTICM INI EXCAVATORSANDM INI LOADERS�WHICHARECURRENTLY
USEDFORREMOVINGANDDISPOSINGOFDANGEROUSORDNA NCEARENOTCAPABLEOFPERFOR MINGSUCHTASKS�
WHICHISCAUSEDBYTHEIRREDUCEDABILITYTONEGOTIATEGROUNDOBSTACLES�

4HE SPECIFICITYOF)%$�%/$M ISSIONS CARRIED OUT BY%/$ROBOTSASWELLASTHEANALYSES 
CONDUCTED ATTHE#HAIROF-ECHANICAL%NGINEERINGOFTHE-ILITARY5 NIVERSITY OF 4ECHNOLOGY
�-54	 HAVEALLOWEDTOSINGLEOUTTHREE�DIFFERENTFROM  ONEANOTHER�REQUIREM ENTS FORTHE
SUSPENSIONOFAROBOTUSEDINSUCHMISSIONS�
CAPABILITYOFHIGHSPEEDS�DESIRED��M�S	ONSURFACESWITHMINORIRREGULARITIES��TO�CM	�
MAKINGITPOSSIBLETOQUICKLYREACH�DISTANCEOFUPTO����M	ANDSURVEYANAREAWHICHISINITIALLY
DEEMEDDANGEROUS�
ABILITYTOMOVEONCONSIDERABLEGROUNDIRREGULARITIES�����C M	ANDSLOPES����	ATVELOCITIES

OF�n�M�SnABILITYTOREACH�ASQUICKLYASPOSSIBLE�ORDNANCELOCATEDONHARDTOREACHTERRAIN�
 ENSURINGTRANSVERSEANDLONGITUDINALSTABILITYRESERVESOFTHEROBOT�INTHECASEOFSIGNIFICANT 

IRREGULARITY OFLOADSEXERTEDONITS  PARTICULAR AXLESANDWITHSPEEDSBELOW�M �S nWORKWITH
ATTACHMENTS�

)TWASNECESSARYTOSO LVETHEPROBLEMOFDESIGNINGAROBOTANDASUSPENSIONSYSTEM ENABLING
THE FORMER TOM EET ALLTHEREQU IREMENTS SIMULTANEOUSLY�4HE-54#HAIROF-ECHANICAL



M. J. opatka, T. Muszy ski, A. Rubiec 

%NGINEERING HASWORKEDOUTAHIGHM OBILITY� %/$ROBOTOFITSOWNDESIGNFORPERFORM ING
)%$�%/$MISSIONS�&IG��	�




Fig. 1. EOD robot: a) general view, b) ability to negotiate ground obstacles


)T ISATRIAXIAL�WHEELEDROBOTWITHTHEOPERATINGWEIGHTOF^����KG�EQUIPPEDWITHTWO
ATTACHMENTS�I�E�MANIPULATORTYPEnLIFTINGCAPAC ITYOF���KGANDLOADERTYPEnLOADCAPACITYOF
���� KG�!PARTFROM  THEABOVEM ENTIONED REQUIREMENTS� THESUSPENSION�THEW HEELS ANDTHE
STEERINGSYSTEMHAVETOENSURETHEROBOT�SABILITYTONEGOTIATEROADSIDEANDDRAINAGEDITCHES���CM
HIGHDYKESANDWALLS�SLOPESWITH���LONGITUDINALAND���TRANSVERSEINCLINATIONASWELLASLOW
CAPACITYTERRAIN�MINIMUM#)����K0A	�

2. Suspension system of EOD robot 


4HE ABOVEDEFINEDREQ UIREMENTS HAVELEDTOTHEDESIG N OFAM ULTILINK� HYDROPNEUMATIC

SUSPENSIONSYSTEM�THEDIAGRAMOFWHICHISSHOWNIN&IGURE��




Fig. 2. Schematic diagram of EOD robot's multifunction suspension system 

(patent application No. P.392820) 

4HESUSPENSIONISCHARACTERIZEDBYAMUCHGREATERABILITYTOTRANSM ITDYNAMICLOADSANDBETTER
FUNCTIONALITY THANCLASS ICAL MECHANICAL SUSPENSIONS ;����=�)TSWORKPARAM ETERS CANBEEASILY
MODIFIEDTHROUGHRESETTINGSWITCHESORVALVES�WITHOUTTHENECESSITYTOALTERTHESYSTEMITSELF�

4HE DESIGNEDSYSTEM  �&IG��	M AKES ITPOSSI BLE TOOBTAINTHEDESIREDALTERNATIVESUPPORT
STRUCTURESOFTHEROBOT�&IG��	�WHICHWERESINGLEDOUTINTHECOURSEOFTHEANALYSIS;��������=�I N
ORDER TOADJUSTTHESUSP ENSION CHARACTERISTICS TO THE SPECIFICITYOFPERFOR MED TASKS�4OENSURE

���



Multifunction Suspension of EOD Robot 

STRONGDRAWBAR PULL�REGULARDISTRIB UTIONOFPRESSUREONTHESURFACE	FOROFFROADDRIVING�ITWAS
RECOMMENDED THAT�HYD RAULIC	 ROCKER JOINTS BEAPPLIED�BETWEENTHELEFTANDRIGHTWHEELOFTHE 
FRONTAXLE�&IG��A�B	�ORBETWEENTHELEFTANDRIGHTSIDEOFTHEM IDDLEANDREARAXLE S�&IG��B	�4O
ENSURE FLEXIBILITYINTHECASEOFCONSIDERABLEDYNAM IC LOADS�DRIVINGATHIGHSPEEDS	�HYDRAULIC
ACCUMULATORS HAVEBEENAPPLIED�)NCONTRAS T TOSTRUCTURESFOROFFROADDRIV ING� ALTERNATIVE
SUSPENSIONSTRUCTURES�WHICHENABLEWORKWITHTHEUSEOFATTACHM ENTS�BLOCKTHEMOVEMENTOFTHE
FRONTAXLE�I�E�THEMOSTLOADEDONE	WHEELS�




Fig. 3. Designed suspension structures of EOD robot : a,b) off-road driving , c,d) work with attachments 

!DDITIONALLY� THEDESIGNEDSYSTEM  �&IG��	EN ABLES THEACH IEVEMENT OFFLEXIBLE�INDEPENDENT
SUSPENSION FOREACHWHEEL�WHICHISDESIREDFORDRIV ING ATHIGHSPEED S ONTERRAIN  WITHM INOR
IRREGULARITIES�

4HE SUSPENSIONKINEM ATIC SYSTEM �&IG��	WASDESIGNEDFORTHEPURPOSEOFOBTAININGTHE
REQUIRED���MMVERTICALMOVEMENTOFEACHONEOFTHEWHEELS�ASWELLASTOENSURETHATTHEROBOT�S
STATICBALANCECLEARANCEWAS���MM�

A	 B	
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Fig. 4. Suspension design of EOD robot: a) front wheel suspension system in static balance position; b) exclusive 

load on one axle 

4HE SIZESOFSUSPENSIONACTUATORS�PISTONDIAM ETER ��MM�RODDIAM ETER n��MM 	 WERE
DEFINED FORTHEROBOTSUPPORTINGONONEAXLEEXCLUSIVELY�&IG��B	ANDFORTHELOADEREQUIPM ENT
WITHA����KGLOAD�TIPPINGLOAD	�

3. Simulation testing of hydro-pneumatic suspension 

4OSELECTHYDRAULICACCUMULATORS�SIMULATIONTESTSOFPARTICULARSUSPENSIONARMS;�=�BASEDON
THEDYNAMICMODEL�&IG��	�WEREPERFORMED�

���
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Fig. 5. Flowchart of robot suspension model 



4HEMODELCONSISTSOFINTERLINKEDMODULES�MECHANICALANDHYDRAULIC�4HEMECHANICALMODULE
INCLUDESKINEMATICLINKS�ROTATIONALANDLINEAR	WHIC HCONNECTITSPARTICULARELEM ENTSWHEREASTHE
HYDRAULICMODULEINCLUDESTHEHYDRAULICINSTALLATIONOFTHESUSPENSION�4HEM ECHANICALMODELOF
THE SUSPENSIONARM�&IG��A	WASCREATEDBYM EANS OFMULTIBODYSYSTEM S �-$!$!-36IE W
SUITE	�&ORTHEPURPOSEOFSI MPLIFICATION�THEMODELLINGWASPERFORMEDACCORDINGTOTHEFOLLOWING 
ASSUMPTIONS�
THEDISTRIBUTIONOFTHEROBOT�SWEIGHTONPARTICULARWHEELSISREGULAR�
THESURFACEISUNDEFORMABLE�
THEREISEXCITATIONUNDERTHEWHEELINTHEFORMOFTHE&ZVERTICALFORCE�&IG��A	GENERATEDBY
THEROBOT�SWEIGHT�
THEFIXINGPOINTOFTHE!SUSPENSIONARMCONSTITUTESITSPIVOTINGPOINT�
 THERADIALSTIFFNESSOFTHETY RE �STATICDEFLECTION����M 	 ANDTH E DIMENSIONLESS DAMPINGFACTOR

����WEREBOTHTAKENINTOACCOUNT�
THEUNSPRUNGWEIGHTIS������KG� INCLUDINGTHECOMBINEDWEIGHTOFTHEWHEELANDTHEHYDRAULIC

ENGINEmk���KG�WEIGHTOFTHESUSPENSIONARMmw���KG�THATOFTHEACTUATORCYLINDERmc���KG�
ANDTHEWEIGHTOFTHERODmt����KG�

6ARIATIONS INTHELENGTH,ANDVELOCITYOFTHEACTUATOR
dt

dL
UNDER THEEFFECTOFTHE Fz FORCE

CONSTITUTED OUTPUTPARAM ETERS OFTHEM ECHANICAL MODULE LINKEDTOTHEHYDRAULICSYSTEM  MODULE
�MODELLEDINTHE%ASY�PROGRAM	�&IG��B	�INWHICHTHEYCONSTITUTEDINPUTPARAMETERS�



A	 B	


Fig. 6. Suspension model of robot’s suspension arm: a) mechanical module diagram, b) hydraulic module diagram 



!DDITIONALLY�FORTHEHYDRAULICSYSTEMMODEL�THEFOLLOWINGASSUMPTIONSWEREMADE�
NOHEATTRANSFERBETWEENTHESYSTEM ANDTHEENVIRONMENTANDTHEWORKOFTHEACCUMULATORINTHE
ADIABATICPROCESS�


const=Vp=Vp=Vp g2g2gsgsg1g1 �  ��	


WHERE�pg1, Vg1nPRESSUREANDVOLUM E�RESPECTIVELY�OFTHEGASINTHEACCUM ULATOR�WITHTHEDOWN
POSITIONOFTHEWHEEL�pgs�VgsnPRESSUREANDVOLUME�RESPECTIVELY�OFTHEGASINTHEACCUMULATOR�IN

���



Multifunction Suspension of EOD Robot 

THE STATICBALANCEPOSITION� pg2� Vg2 nPRESSUREANDVOLUM E� RESPECTIVELY�OFTHEGASINTHE 
ACCUMULATOR�WITHTHEUPPOSITIONOFTHEWHEEL� ADIABATICEXPONENT� ����	�
THEELASTICITYOFHYDRAULICHOSESANDTHEDYNAMICSOFSWITCHINGVALVESWERENOTTAKENINTOACCOUNT�

4HESIMULATIONSWITHTHEUSEOFTHEMULTIBODYSYSTEMMETHODHADBEENPRECEDEDBYTHEINITIAL
SIMULATIONRESEARCH;�=�WITHTHEAIM OFDETERMININGDYNAMICLOADSEXERTEDONPARTICULARAXLESOF
THE ROBOTNEGOTIATING����AND���MHIGHRAMPSHAPEDOBSTACLESATTHEVELOCITYOF��M �S�4HE
LOADS WEREEXPRESSEDINTHEFORMOFTHEDYNAM IC SURPLUSCOEFFICIENT kd� WHICHDETERM INES
VARIATIONSINTHEFZFORCE�I�E�THEONEGENERATEDBYTHEWEIGHTOFTHEROBOTANDEXERTEDONASINGLE 
WHEEL�ACCORDINGTOTHEFOLLOWINGCORRELATION�

Z

Zi
d

F

F
k �      ��	



WHERE�FzinVALUEOFTHEVERTICALREACTIONONTHEWHEELWHILENEGOTIATINGUNEVENNESS� FznSTATIC
VALUEOFTHEVERTICALREACTIONONTHEWHEEL�

4HEHIGHESTVALUEOFTHE kdCOEFFICIENTWASRECORDEDFORTHEFRONTAXLEANDITWAS����)NTHE
CASEOFTHEMIDDLEANDREARAXLES� THEVALUEOFTHEDYNAM ICSURPLUSCOEFFICIENTWAS����)TM ADEIT
POSSIBLE TODEFINETHETIM ING OFTHE  VARIATIONINTHE Fz FORCE�WHOSESTATICVALUEOF����.WA S
INCREASEDEVERY���SBYTHECOEFFICIENTOF����FR ONTAXLE	ANDBYTHATOF����MIDDLEANDREARAXLE	
TO THEVALUESOF����.AND����.�RESPECTIVELY�ANDWHICHWASTHENREDUCEDTO�.�NOCONTACT
BETWEEN THEWHEELANDTHESURFACE	SOASTODETERM INE THEOPERATIN G RANGEOFTHEHYDRAULIC 
ACCUMULATOR ANDTHETRAVELOFTHESUSPENSION  ACTUATOR� )NTHECOURS E OFTHESIMULATIONTH E
ACCUMULATORNOMINALVOLUMEV0 WASMODIFIED�INACCORDANCEWITHTHE(9$!#����������������
DM�	DIAPHRAGRAMACCUMULATORTYPEOFSERIES�SETTINGPRESS UREOFTHEIN ITIALFILLINGWITHGASATTHE
LEVELENSURINGTHATTHEVOLUMESOFGASANDOILINTHEACCUMULATORWEREEQUALTOEACHOTHER�

)N ORDERTO  ENABLETHES USPENSION TOFULLYUTILIZE ITS TRAVEL�THES ELECTION OFTHEACCUM ULATOR
NOMINALVOLUMEV0WASMADE�BYMEANSOFSIMULATION�ONTHEBASISOF THEPREVIOUSLYDETERMINED
kdCOEFFICIENT�WITHTHEUSEOFTHEPRESSUREBASEDAPPROACH�



gs

g

d
p

p
k

�

�      ��	


)NTHECASEOFAPROPERLYSELECTEDACCUMULATOR�THEVALUESHOULDBECLOSETO����FRONTAXLE	AND
����MIDDLEANDREARAXLES	�4HESIMULATIONFINDINGSARESHOWNIN4AB��AND��

Tab. 1. Front suspension simulation findings 

V0;DM�=
��� ��� ��� ���

pgs;BAR= �� ���� ��
pg2;BAR= ���� ���� �� ��

kd ���� ���� ���� ����

Tab. 2. Middle and rear axle suspension simulation findings 

V0;DM�=

��� ��� ���

pgs;BAR= �� �� ��

pg2;BAR= ���� ���� ����

kd ���� ���� ����


/N THEBASISOFTHEPER FORMED SIMULATION TESTS�THEFRONTSUSPENSIONACTUATO RSWEREMATCHED

WITHTHEACCUMULATORVOLUMEOFV0�����CM��WITHp0���BAR�WHEREASTHEM IDDLEANDREARAXLES
WITHANACCUMULATOROFV0�����DM�ANDp0���BAR�

���
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4. Exploratory research on robot suspension 

4HE SIMULATION TESTSEN ABLED THECONSTRUCTIONOFAREALMULTI LINK SUSPENSION SYSTEMFORTHE
HYDROPNEUMATICSUSPENSIONOFTHE%/$ROBOT�ENSURINGTHEACHIEVEM ENTOFALLTHEEXPECTEDAND
REQUIREDSTRUCTURES�&IG��	�4HEUSEOFALTERNATIVESUSPENSIONSTRUCTURES�ONONERESEARCHOBJECT	
MAKES ITPOSSIBLETOVERIFYTHEIRUSEFULNESSFORPARTICULARREQUIREM ENTS ANDTOEXAM INE THE
SUSPENSION EFFECTONTH E ROBOTgS WORKINGCAPABILITY�&ORTHEPURPOSEOFINITIALEVALUATIONOFTHE 
SIMPLIFYINGASSUMPTIONSMADEDURINGTHEM ODELLINGPROCESSANDTHATOFTHESIM ULATION FINDINGS�
EXPLORATORYRESEARCHINTOTHESUSPENSION�&IG����	WASCONDUCTEDONTHEDEMONSTRATOROFTHE%/$
ROBOTTECHNOLOGY�





Fig. 6. Main elements of hydropneumatic suspension covered with the demonstrator of the EOD robot technology :  

1-suspension actuator, 2-front suspension arm (to be pushed), 3-hydraulic accumulator, 4-throttle valve 

4HERESEARCHWASCONDUCTEDONAROBOTTESTTRACKCONSTRUCTEDONTHEPREM ISESOFTHE#HAIROF
-ECHANICAL%NGINEERING�4HEEXPLORATORYRESEARCHHADBEENPRECEDEDBYANINITIALEVALUATIONO F
THEROBOT�SPERFORMANCEFORVARIOUSCONFIGURATIONSOFSUSPENSIONSTRUCTURESANDBYTHEDECISIONTO
CONDUCTTHERESEARCHWITHTHESTRUCTURESHOWNINFIGURE��I�E� THEONEWITHCUTOFFACCUM ULATORSOF
THEMIDDLEANDREARAXLES�)NTHECOURSEOFTHERESEARCHTHEROBOTWASDRIVEN�ATASPEEDOF^�KPH�
ACROSSTHEFOLLOWINGGROUNDOBSTACLES�

A	 ��CMHIGHDYKEOFHEXAGONALPAVINGSLABS�&IG��	�
B	 ���MDEEPTRANSVERSEDITCHWITHA���INCLINATIONOFSLOPES�&IG��A�B	�





Fig. 7. EOD robot attempting to drive across dyke of hexagonal paving slabs 


4HE TESTINV OLVED THE RECORDING OF HYDRAULIC OILPRES SURE INTHESUSP ENSION SYSTEM OFTH E FRONT

ACTUATOR�BETWEENTHEACTUATORANDTHEDAMPINGVALVE�WITHTHELATTERBEINGFULLYOPENEDDURINGTHETEST�

���
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Fig. 8. Attempt at driving across transverse ditch: a) side view of the obstacle; b) robot in the course of passing 

through

&IGURE�SHOWSEXEMPLARYTIMINGOFPRESSUREVARIATIONSMEASUREDDURINGTHETEST�
4HEFINDINGSOFTHEEXPLORATORYRESEARCHONTHESUSPENSIONOFTHEFRONTSUSPENSIONARM �&IG��	

ARETOAGREATEXTENTSIM ILARTOTHESIMULATIONFINDINGS�CHART�	�)TWASDETERM INEDTHAT�USINGTHE
PRESSUREAPPROACH�THEDYNAMICSURPLUSCOEFFICIENTkd WASSIMILARFORBOTHOBSTACLES�)TSMAXIMUM
VALUEWASRECORDEDDURINGROBOTgSDRIVEACROSSTHEDITCHANDITWAS�����





Fig. 9. Timing of pressure variations in the suspension system of the front suspension arm during: a) robot’s drive 

across hexagonal paving slabs, b) drive across transverse ditch 

���
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5. Summary


$UE TOTHEFACTTHATTHECHARACTEROF DRIVINGANDWORKOFTHE%/$ROBOTISDIFFERENT�REM OTE
CONTROL	FROMTHATOFCLASSICALVEHICLESANDEQUIPMENT�THEREAROSETHENECESSITYTOW ORKOUTANEW
SUSPENSION SOLUTION�4 HE ESTABLISHEDREQUIREM ENTS �WHICHAREOFTENM UTUALLY EXCLUSIVEFOR 
MECHANICALSUSPENSIONSYSTEMS	CONCERNINGTHEPERFORMEDFUNCTIONSDETERMINEDTHEAPPLICATIONOF
HYDROPNEUMATICSUSPENSION�

4HEDEVELOPEDMODELENABLEDTHESELECTIONOFHYDRAULICACCUMULATORSONTHEBASISOFTHEINITIAL
CRITERIONFORITSASSESSMENT�kdCOEFFICIENT	ASWELLASTHECONSTRUCTIONOFTHESUSPENSIONSYSTEMON
A REALOBJECT�4HEFINDINGSOFTHEEXPLORATOR Y RESEARCHONTHESUSPENSIONSYSTEMCONFIR MED
CONFORMITYBETWEENTHEkdCOEFFICIENTVALUEANDTHESIMULATIONFINDINGS�

)T ISRECOMMENDEDTHATSIM ULATION INVESTIGATIONOF THEROBOT�SPERFOR MANCEBECONDUCTEDWITH 
THEABOVESUSPENSIONCHARACTERISTICSANDTHATITSHOULDBEFOLLOWEDBYTHEVERIFICATIONOFTHEFINDINGS 
ONAREALOBJECT�(OWEVER�ITISALSORECOMMENDEDTHATNEWRULESFORTHEIR ASSESSMENTBEDEVELOPED�
WHICHISDUETOTHEFACTTHATTHEEXISTINGM ETHODSDESCRIBEDINTHELITERATURE�BASEDONTHEDRIVER�S
COMFORTCRITERION�VERTICALACCELERATIONVALUES�PI TCHING�ETC�	�ORONTHATOFTHEOPERATOR�M AYNOTBE
DIRECTLYUSEDFORTHEASSESSMENTOFTHEROBOTgSSUSPENSIONSINCEITDOESNOTHAVEOCCUPANTS�

4HE DEVELOPMENT OFABASICPLATFORM � EQUIPPED WITH ANEFFECTIVESUS PENSION INCREASINGITS
MOBILITYANDWORKINGCAPABILITIESWILLENAB LETHEUSEOFTHEPLATFORM FORVARIOUSPURPOSES�EG�AS
ACARRIER OFAM ULTISENSOR SYSTEM FORDETECTINGDANGERO US MATERIALS ORFORCARRYINGOTH ER
ATTACHMENTS�
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