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Summary Narrative

In April, 2020, the University of Maryland proposed to the NASA Moon to 
Mars 2021 Academic Innovation Challenge Program to design, fabricate, 
and test a lightweight lunar rover that could be beneficial to the Artemis 
human lunar exploration program. The concept proposed had grown out of 
prior University of Maryland involvement in EVA support rovers, 
including extensive analog field testing of a previous rover design. The 
paradigm adopted was to design a pair of single-person rovers instead of a 
two-person vehicle such as the Apollo Lunar Roving Vehicle. Although 
designed for one astronaut nominally, each rover would be capable of 
carrying two astronauts in a contingency. Analysis showed that this 
approach provided greater astronaut safety than a single vehicle, and 
greatly reduced the necessary adherence to the “walkback” criteria which 
states that the EVA crew must always have sufficient life support capability 
to walk back at any point in the surface traverse. The second key point in 
the paradigm was that both rovers must be light enough to be transported 
together on a single Commercial Lunar Payload Services (CLPS) lander to 
the surface. Since (at the time of proposal) no decision had been made yet 
on the Artemis Human Lander System, it was felt that pre-deployment of 
the rovers would be the least (programmatically) risky approach to 
ensuring that they could be available for early Artemis lunar missions. This 
limited the allowable mass for each rover to approximately 250 kg, based 
on the largest announced CLPS lander concept of the time.

The University of Maryland (UMd) plan consisted of focusing X-Hab 
activities in the Fall 2020 term on student projects in ENAE 100 
(Introduction to Aerospace Engineering) and ENAE 788X (Planetary 
Surface Robotics). ENAE 100 teams have been integral parts of many UMd 
X-Hab programs in the past, usually focusing on small-scale proof-of-
concept studies or focusing on alternative approaches to the main activities.
The graduates students in ENAE 788X would divide into small teams to
perform a detailed design study on the rovers, using the advanced
algorithms taught in the class such as terramechanics analysis for modeling



wheel-soil interactions. The multiple designs documented at the end of the 
Fall term would form the basis of the Spring 2021 activities, which would 
start with synthesis of a single baseline design based on the best ideas of 
the multiple graduate projects, which would then enter fabrication and 
testing.

It was unknown at the time of proposal what the status of the university 
would be due to the COVID-19 pandemic. The University of Maryland had 
gone on 100% remote instruction in early March 2020, which interfered 
with the 2020 UMd X-Hab project. As it turns out, UMd stayed 100% 
remote throughout the 2020-2021 academic year. This meant that ENAE 100 
did not do any team projects, eliminating that portion of the planned 
activities. While the remote instruction did not markedly hamper the 
analysis and design activities of the ENAE 788X teams, it was impractical 
to begin fabrication until almost the end of the Spring 2021 term, and it was 
not possible to complete the fabrication of the rover. However, most of the 
detailed design work was completed, and a team at the Space Systems 
Laboratory started the core fabrication process during the Summer of 2021. 

This report documents the activities of the University of Maryland team on 
this X-Hab project. Beyond this brief narrative, the primary documentation 
is a paper on the rover design, published and presented at the 50th 
International Conference on Environmental Systems in July, 2021, 
appended here. Also appended are the final reports of the four ENAE 788X 
design teams, which were submitted in the form of presentation slides. The 
final attachment consists of the slides from the final X-Hab review 
presentation to NASA on July 29, 2021. 

This activity would not have been possible without the enthusiastic 
support of NASA, as well as the hard work from all of the students 
involved at each phase of the program. I would like to acknowledge those 
students here:



SSL Graduate Students: Daniil Gribok, Charles Hanner, and Zachary 
Lachance

SSL Undergraduate Students: Nicolas Bolatto, Amelia Cherian, Robert 
Fink, Joshua Martin, and Tal Ullmann

ENAE 788X Team Protogonus: Pat Hoskins, Jaad Lepak, Joe Perrella, and 
Loy McGuire

ENAE 788X Team SCAMP: Charlie Hanner, Nicolas Bolatto, and Zach 
Lachance

ENAE 788X Team Courage: Justin Albrecht, Brian Bock, Prateek Bhargava, 
and Sayani Roy

ENAE 788X Team ROCI: Aalay Patel and James Winsley

Attachments:

ENAE 788X Final Report, Fall 2020: Courage

ENAE 788X Final Report, Fall 2020: Protogonus

ENAE 788X Final Report, Fall 2020: ROCI

ENAE 788X Final Report, Fall 2020: SCAMP

X-Hab 2021 Final Review, University of Maryland
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(DUWK�	�0DUV�(IILFDF\
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'UDZEDU�3XOO�&RPSDULVRQ

J� �����P�V�

Q� ����
NF� �������1�P

���

N݊� ��������1�P
���

$VVXPLQJ��.VKHDU� �������P
6RLO�W\SH� �&OD\�

'UDZEDU�SXOO� ���������1

��

J� ��������P�V�

Q� ��
NF� �������1�P

�

N݊� ���������1�P
�

$VVXPLQJ��.VKHDU� �������P
6RLO�W\SH� �6DQG\�/RDP��

'UDZEDU�SXOO� ��������1

J� ��������P�V�

Q� ����
NF� ������1�P

�

N݊� ��������1�P
�

$VVXPLQJ��.VKHDU� �������P
6RLO�W\SH� �6ORSH�VRLO��

'UDZEDU�SXOO� ���������1
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6WDELOLW\�FKHFN��(DUWK�

��

Ɣ 'HVLJQ�LV�VWLOO�
YDOLG�IRU�(DUWK�
HQYLURQPHQW��

Ɣ 8SKLOO�VORSH�OLPLW�
LV�PRUH�WKDQ����
GHJUHHV�

Ɣ 'RZQKLOO�VORSH�LV�
OHVV�WKDQ����
GHJUHHV�

��

6WDELOLW\�FKHFN��0DUV�
Ɣ 'HVLJQ�LV�VWLOO�

YDOLG�IRU�0DUV�
HQYLURQPHQW��

Ɣ 8SKLOO�VORSH�OLPLW�
LV�PRUH�WKDQ����
GHJUHHV�

Ɣ 'RZQKLOO�VORSH�LV�
PRUH�WKDQ����
GHJUHHV�

7XUQLQJ�5DGLXV�RQ�)ODW�7HUUDLQ��(DUWK�	�0DUV

��($57+ 0$56

7XUQLQJ�5DGLXV�RQ���R�6ORSH��(DUWK�	�0DUV

��($57+ 0$56



7UDIILFDELOLW\

��

���'HJUHH�6ORSH���'RZQKLOO

��

���'HJUHH�6ORSH���'RZQKLOO

��

���'HJUHH�6ORSH���'RZQKLOO

��



���'HJUHH�6ORSH���'RZQKLOO

��

���'HJUHH�6ORSH���&R0

��

���'HJUHH�6ORSH���8SKLOO

��

���'HJUHH�6ORSH���8SKLOO

��



���'HJUHH�6ORSH���6LGHZD\V

��

���'HJUHH�6ORSH���6LGHZD\V

��

���P�2EVWDFOH

��

���P�2EVWDFOH

��



���P�2EVWDFOH

��

���P�2EVWDFOH

��

���P�2EVWDFOH

��

���P�	����P�2EVWDFOH

��



'HVLJQ�(YROXWLRQ
���³'HVLJQ�LV�DQ�LWHUDWLYH�SURFHVV��7KH�QHFHVVDU\�QXPEHU�RI�LWHUDWLRQV�LV�RQH�PRUH�

WKDQ�WKH�QXPEHU�\RX�KDYH�FXUUHQWO\�GRQH��7KLV�LV�WUXH�DW�DQ\�SRLQW�LQ�WLPH�

���<RXU�EHVW�GHVLJQ�HIIRUWV�ZLOO�LQHYLWDEO\�ZLQG�XS�EHLQJ�XVHOHVV�LQ�WKH�ILQDO�GHVLJQ�´

�$NLQ¶V�/DZV�RI�6SDFHFUDIW�'HVLJQ

��

&RQFHSW���0N��5RYHU
8PELOLFDO�

PDQDJHPHQW�
V\VWHP

6HQVRU�DUFK�ZLWK�
9HORG\QH�/L'$5�
SXFNV��IORRG�OLJKWV��
DQG�VHYHUDO�37=�

FDPHUDV��QRW�VKRZQ���
&RQILJXUDWLRQV�ZLWK���RU���
VHQVRU�DUFKHV�DUH�DOVR�
SRVVLEOH�ZLWK�WKLV�GHVLJQ

5ROOHU�FRDVWHU�
VW\OH�VHDW�UHVWUDLQW

��

&RQFHSW���+RUVHERW
Ɣ %LR�LQVSLUHG�OHJJHG�ORFRPRWLRQ

)RXU���'R)�
OHJV

��NJ�OLIH�VXSSRUW�
SD\ORDG

+LS�URWDWLRQ�MRLQW�
�QRW�VKRZQ�

��

&RQFHSW���+RUVHERW

)ROGDEOH�VHDW�LQ�
UHDU�IRU�VHFRQG�

DVWURQDXW

���P�REVWDFOH

��



&RQFHSW���+RUVHERW���3URV
Ɣ /HJJHG�ORFRPRWLRQ�HDVLO\�FOHDUV�DQ\�

REVWDFOH

Ɣ :RUNV�ZHOO�RQ�UXJJHG�XQHYHQ�WHUUDLQ

Ɣ �����URWDWLRQ�KLS�MRLQW�DOORZV�
+RUVHERW�WR�ZDON�VLGHZD\V��RU�DW�
DUELWUDU\�DQJOH��ZLWK�LWV�VWDQGDUG�JDLW

Ɣ (DV\�WR�LQFRUSRUDWH�VHFRQG�ULGHU

Ɣ 6HDW�SRVLWLRQ�NHHSV�FHQWHU�RI�PDVV�
UHODWLYHO\�ORZ

Ɣ 1RYHO�DQG�LQWHUHVWLQJ
��

&RQFHSW���+RUVHERW���&RQV
Ɣ /HJV�DUH�PRUH�FRPSOH[�WKDQ�ZKHHOV�

�PRUH�ZD\V�WR�IDLO�
Ɣ /HJV�UHTXLUH�PRUH�DFWXDWRUV��PRUH�

ZHLJKW�
Ɣ ��P�V�ZRXOG�UHTXLUH�D�PHGLXP�

WURW�VORZ�JDOORS�JDLW��ZKLFK�DUH�RQO\�
G\QDPLFDOO\�VWDEOH

Ɣ 7URW�*DOORS�JDLW�UHTXLUHV�PXFK�IDVWHU�
DQG�KLJKHU�WRUTXH�PRWRUV��PRUH�
ZHLJKW��PRUH�SRZHU�

Ɣ $GGLWLRQDO�'R)V��H[��KLS�DEGXFWLRQ��
DQNOH�SURQDWLRQ��PLJKW�EH�QHHGHG�IRU�
ZDONLQJ�RQ�VORSHV

��

&RQFHSW���:KHHOHG�+RUVHERW
6LPLODU�WR�WKH�+RUVHERW�VKRZQ�LQ�SUHYLRXV�VOLGHV��WKLV�FRQFHSW�LQFOXGHV�ZKHHOV�
�PRXQWHG�RQ�HLWKHU�WKH�DQNOHV�RU�NQHHV��IRU�D�UHFRQILJXUDEOH�GULYLQJ�FRQILJXUDWLRQ��
2EVWDFOH�DYRLGDQFH�ZRXOG�EH�GRQH�DW�VORZ�VSHHGV�ZLWK�D�ZDONLQJ�JDLW��ZKLOH�
QRUPDO��KLJKHU�VSHHG��WUDYHO�RQ�VPRRWK�JURXQG�ZRXOG�EH�GRQH�ZLWK�WKH�ZKHHOV��
7KLV�UHGXFHV�WKH�QHHG�IRU�KLJK�VSHHG�WRUTXH�PRWRUV�IRU�D�JDOORS�WURW�JDLW��EXW�
UHTXLUHV�DQ�DGGLWLRQDO�PRWRU�IRU�HDFK�ZKHHO��7KH�OHJ�PRWRUV�DFW�DV�
HOHFWURPHFKDQLFDO�VXVSHQVLRQ�LQ�GULYLQJ�PRGH��

7KH�LQFUHDVHG�ZHLJKW�IURP�WKH�H[WUD�PRWRUV�PDNHV�WKLV�FRQFHSW�LPSUDFWLFDO�IRU�WKLV�
PLVVLRQ

���

&RQFHSW���6WUDQGEHHVW�/RFRPRWLRQ
/RFRPRWLRQ�LQVSLUHG�E\�7KHR�-DQVHQ¶V�6WUDQGEHHVWV�DQG�RWKHU�VLPLODU�GHVLJQV

���

KWWSV���ZZZ�KDFNVWHU�LR�I[�X�VWUDQGEHHVW�D�URERWLF�SURMHFW��H�H��

KWWSV���ZZZ�QHZPRELOLW\�FRP���������ZDONLQJ�ZKHHOFKDLU
�ZLWK����OHJV�

KWWSV���ZZZ�QHZPRELOLW\�FRP���������VSLGHU�FKDLU�



&RQFHSW���6WUDQGEHHVW�/RFRPRWLRQ���3URV
Ɣ /HJV�FDQ�EH�DFWXDWHG�ZLWK�YHU\�IHZ�PRWRUV
Ɣ &KDLU�FHQWULF�GHVLJQ�LV�FRPSDFW�DQG�UHODWLYHO\�OLJKWZHLJKW��FHQWHU�SKRWR�RQ�SUHYLRXV�

VOLGH�LV����NJ�

Ɣ 1RYHO�DQG�LQWHUHVWLQJ�GHVLJQ

���

Ɣ 9HU\�KLJK�PHFKDQLFDO�FRPSOH[LW\��PDQ\�ZD\V�WR�IDLO�
Ɣ :HOO�WHVWHG�RQ�VDQG��EXW�QRW�ZHOO�WHVWHG�RQ�UXJJHG�XQHYHQ�WHUUDLQ
Ɣ /DUJHO\�LQFRPSDWLEOH�ZLWK�VWDLU�FOLPELQJ��GXH�WR�OHJ�OHQJWKV�

&RQFHSW���6WUDQGEHHVW�/RFRPRWLRQ���&RQV

&RQFHSW�����:KHHO�Z��([WHQVLRQ
�ZKHHOV�QRW�VKRZQ�

���

&RQFHSW�����:KHHOV�Z��([WHQVLRQ
7KLV�FRQFHSW�LQYROYHV�D���ZKHHO�URYHU�ZLWK�WZR�SRVVLEOH�FRQILJXUDWLRQV��,Q�WKH�
QRUPDO�GULYLQJ�PRGH��WKH�UHDU���ZKHHOV�DUH�FORVH�WRJHWKHU�DQG�DFW�DV�WDQGHP�
ZKHHOV��,Q�WKH�FRQWLQJHQF\�FRQILJXUDWLRQ��WKH�FKDVVLV�H[WHQGV�WR�SURYLGH�D�ZLGHU�
EDVH�VR�WKH�VKLIWHG�FHQWHU�RI�PDVV��GXH�WR�WKH�VHFRQG�DVWURQDXW��LV�VWLOO�FHQWHUHG�
�IURQW�EDFN��RQ�WKH�URYHU��,Q�LWV�RULJLQDO�LPSOHPHQWDWLRQ��WKLV�H[WHQVLRQ�ZRXOG�EH�
DFWXDWHG�YLD�D�KDQG�FUDQN�ZKLFK�WXUQHG�D�SLQLRQ�WR�PRYH�WKH�UDFN��WKH�H[WHQGHU���
6XEVHTXHQW�LWHUDWLRQV�RQ�WKLV�GHVLJQ�XVHG�WZR�H[WHQGLQJ�EHDPV��DV�VKRZQ�RQ�WKH�
SUHYLRXV�VOLGH��IRU�LPSURYHG�VWDELOLW\��DV�ZHOO�DV�DQ�DGGLWLRQDO�SLYRW��RUDQJH��RQ�WKH�
SUHYLRXV�VOLGH���DOORZLQJ�IRU�WKH�UHDU�ZKHHOV�WR�QRW�EH�FRSODQDU�ZLWK�WKH�UHVW�RI�WKH�
URYHU��H[��H[LWLQJ�D�KLOO�

���

&UDQN�$FWXDWHG�([WHQVLRQ

���



6WUXFWXUH

��� ���

) )
) ���NJ
����P�V�
���

/

[

6WUHQJWK�$QDO\VLV���5HDU�$UFK�&URVV�%HDP

KWWSV���PHFKDQLFDOF�FRP�UHIHUHQFH�EHDP�DQDO\VLV

D D

/ ���P
D ����P

��������7\SH�$OXPLQXP�([WUXVLRQ
<RXQJ¶V�0RGXOXV ��
����3D

,� ����������FP�

$� ��������FP�

7RWDO�0DVV��������NJ

0D[�'HIOHFWLRQ��#[ /����������PP

���
KWWSV��������QHW���������KWPO�

��������/LWH�7LWDQLXP�([WUXVLRQ
<RXQJ¶V�0RGXOXV ���
����3D

,� ��������FP�

$� �������FP�

7RWDO�0DVV�������NJ

0D[�'HIOHFWLRQ��#[ /��������PP
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([WHQVLRQ�0HFKDQLVP���2ULJLQDO
5DFN�DQG�SLQLRQ�RQ�D�WUXVV��
DFWXDWHG�ZLWK�D�KDQG�FUDQN

���

/RFNLQJ�SLQ�ZLWK�D�
KLWFK�SLQ�WR�ORFN�WKH�
DVVHPEO\�IRU�GULYLQJ

����NJ�HDFK
���UHTXLUHG�

+LQJHG���EDFN�
ZKHHOV�FDQ�URWDWH�

XS�GRZQ�IRU�
LPSURYHG�VXUIDFH�

FRQWDFW

([WHQVLRQ�0HFKDQLVP���6LPSOLILHG�IRU�:HLJKW

���

6OLGLQJ���������/LWH�7LWDQLXP�EHDP�RQ�UROOHUV��
DFWXDWHG�E\�UHYHUVLQJ�UHDU�ZKHHOV

���NJ�HDFK
���UHTXLUHG�

/RFNLQJ�SLQ�ZLWK�D�
KLWFK�SLQ�WR�ORFN�WKH�
DVVHPEO\�IRU�GULYLQJ

+LQJHG���EDFN�ZKHHOV�FDQ�
URWDWH�XS�GRZQ�IRU�

LPSURYHG�VXUIDFH�FRQWDFW

([WHQVLRQ�0HFKDQLVP
7KLV�H[WHQVLRQ�PHFKDQLVP�UHYLVLRQ�ZDV�GRQH�ZKHQ�WKH�URYHU�VWLOO�KDG�DUFKHG�
FKDVVHV��7KH�EHQHILW�RI�WKH�ZHLJKW�VDYLQJV�LQ�VZLWFKLQJ�SURILOHV�DQG�PDWHULDOV�IDU�
H[FHHGHG�WKH�VPDOO�GHFUHDVH�LQ�VWUXFWXUDO�VWUHQJWK��7KH�VOLGLQJ�PHFKDQLVP�LV�QRZ�
DFWXDWHG�E\�GULYLQJ�WKH�UHDU�ZKHHOV�LQ�UHYHUVH��DQG�RU�DOVR�GULYLQJ�WKH�IURQW�ZKHHOV�
IRUZDUG��WR�VHSDUDWH�WKH�WZR�FKDVVLV�KDOYHV��

/DWHU�UHYLVLRQV�RQ�WKLV�FRQFHSW�FRQWLQXH�WR�XVH�WKH�WLWDQLXP�VOLGLQJ�EHDP��EXW�RIIHU�
DGGLWLRQDO�UHLQIRUFHPHQW�HOVHZKHUH�LQ�WKH�VWUXFWXUH��YDULRXV�EUDFHV�DQG�FURVV�
EHDPV��DQG�D�PXFK�VWURQJHU�SLYRW�PHFKDQLVP��7KH�VOLGLQJ�ER[�LQFOXGHV�VPDOO�
UROOHUV�RQ�WKH�LQVLGH��OLNH�D�VNDWH�ZKHHO�FRQYH\RU��WR�PLQLPL]H�IULFWLRQ��

���

��:KHHO�5RYHU��&KDVVLV�$UFKHV

���



��:KHHO�5RYHU��&KDVVLV�$UFKHV

���

��:KHHO�5RYHU��)ODW�&KDVVLV

���

��:KHHO�5RYHU��)ODW�&KDVVLV��)LQDO�

���

7KDQN�<RX�

���



3URWRJRQXV���0RELOH�
3RUWDEOH�/LIH�6XSSRUW�

6\VWHP���
§öƴ�RŸƦŞŊŭƦ͇�hööĚ�mġƛöŞ͇�hŸġ�

§ġƞƞġŢŢö͇�mŸǛ�wēJƼŊƞġ

� �

0LVVLRQ�5HTXLUHPHQWV
/����� 5RYHU�VKDOO�KDYH�D�PD[LPXP�RSHUDWLQJ�VSHHG�RI�DW�OHDVW���P�VHF�RQ�OHYHO��IODW�WHUUDLQ

/����� 5RYHU�VKDOO�EH�GHVLJQHG�WR�DFFRPPRGDWH�D�����PHWHU�REVWDFOH�DW�PLQLPDO�YHORFLW\

/����� 5RYHU�VKDOO�EH�GHVLJQHG�WR�DFFRPPRGDWH�D�����P�REVWDFOH�DW�D�YHORFLW\�RI�����P�VHF

/����� 5RYHU�VKDOO�EH�GHVLJQHG�WR�VDIHO\�DFFRPPRGDWH�D�����VORSH�LQ�DQ\�GLUHFWLRQ�DW�D�
VSHHG�RI�DW�OHDVW���P�VHF�DQG�LQFOXGLQJ�WKH�DELOLW\�WR�VWDUW�DQG�VWRS

/����� 7KH�URYHU�VKDOO�KDYH�D�QRPLQDO�VRUWLH�UDQJH�RI����NP�DW�DQ�DYHUDJH�VSHHG�RI�����
P�VHF

/����� 5RYHU�VKDOO�EH�FDSDEOH�RI�FDUU\LQJ�RQH�����NJ�(9$�FUHZ�DQG����NJ�RI�DVVRUWHG�
SD\ORDG�LQ�QRPLQDO�FRQGLWLRQV

/����� 3D\ORDG�PD\�EH�PRGHOHG�DV�D������P��ER[

/����� 5RYHU�VKDOO�EH�FDSDEOH�RI�DOVR�FDUU\LQJ�D�VHFRQG�����NJ�(9$�FUHZ�LQ�D�FRQWLQJHQF\�
VLWXDWLRQ��3D\ORDG�PD\�EH�MHWWLVRQHG�LI�GHVLJQ�SHUPLWV

�

0LVVLRQ�5HTXLUHPHQWV
/����� 5RYHU�GHVLJQ�VKDOO�LQFRUSRUDWH�UROO�RYHU�SURWHFWLRQ�IRU�WKH�FUHZ�DQG�DOO�UHTXLUHG�

LQJUHVV�HJUHVV�DLGV�DQG�FUHZ�UHVWUDLQWV

/������ $�QRPLQDO�VRUWLH�VKDOO�EH�DW�OHDVW�HLJKW�KRXUV�ORQJ

/������ 7ZR�URYHUV�PXVW�EH�ODXQFKHG�RQ�D�VLQJOH�&/36�ODQGHU

/������ $�VLQJOH�URYHU�VKDOO�PDVV������NJ

/������ 5RYHUV�VKDOO�EH�GHYHORSHG�LQ�WLPH�WR�EH�XVHG�RQ�WKH�ILUVW�$UWHPLV�ODQGLQJ�PLVVLRQ

/������ 5RYHU�VKDOO�EH�FDSDEOH�RI�RSHUDWLQJ�LQGHILQLWHO\�ZLWKRXW�FUHZ�SUHVHQW

/������ 5RYHU�VKDOO�EH�EH�FDSDEOH�RI�EHLQJ�FRQWUROOHG�GLUHFWO\��UHPRWHO\��RU�DXWRPDWHG

/������ 5RYHU�VKDOO�EH�FDSDEOH�RI�IROORZLQJ�DQ�DVWURQDXW��IROORZLQJ�DQ�DVWURQDXW¶V�SDWK��RU�
DXWRQRPRXV�SDWK�SODQQLQJ�EHWZHHQ�ZD\SRLQWV

/������ 5RYHU�VKDOO�EH�FDSDEOH�RI�RSHUDWLQJ�GXULQJ�DQ\�SRUWLRQ�RI�WKH�OXQDU�GD\�QLJKW�F\FOH�DQG�DW�DQ\�
ODWLWXGH

�



0LVVLRQ�5HTXLUHPHQWV

�

/����� 5RYHU�VKDOO�PDLQWDLQ�D�����0DVV�PDUJLQ�

/����� 5RYHU�VKDOO�KDYH����PP�FOHDUDQFH�ZKHQ�WUDYHUVLQJ����PHWHU�WDOO�REVWDFOHV�

/����� 5RYHU�VKDOO�EH�DEOH�WR�RSHUDWH�LQGHILQLWHO\�ZKLOH�SRZHUHG�IURP�WKH�VXQ

/����� 3UHOLPLQDU\�GHVLJQ��DQG�IOLJKW�XQLW�WHVWLQJ�RFFXU�DW�-3/��3DVDGHQD�&$��&RQFHSW�6WXG\��
SURWRW\SH�IDEULFDWLRQ��KXPDQV�LQ�WKH�ORRS�WHVWLQJ��FUHZ�WUDLQLQJ��IOLJKW�XQLW�IDEULFDWLRQ��
VXEV\VWHP�YHULILFDWLRQ�	�YDOLGDWLRQ��VXEV\VWHP�DVVHPEO\�	�LQWHJUDWLRQ�RFFXU�DW�WKH�
-RKQVRQ�6SDFH�&HQWHU��

/����� (QYLURQPHQWDO�VWUHVV�VFUHHQLQJ�DQG�LQWHJUDWHG�IOLJKW�XQLW�DQG�ODQGHU�WHVWV�RFFXU�DW�D�
FRPELQDWLRQ�RI�06)&��*5&��	�-6&���/DVWO\�WKH�LQWHJUDWLRQ�WR�WKH�ODXQFK�YHKLFOH�DQG�
PLVVLRQ�ODXQFK�RFFXU�DW�.6&

/����� 'LVSRVDO�H[FOXGHG��3URWRJRQXV�LV�OHIW�RQ�WKH�OXQDU�VXUIDFH�DIWHU�PLVVLRQ�FRPSOHWLRQ

3URWRJRQXV�6XEV\VWHP�%UHDNGRZQ
6SZIV

;LIIPW (VMZIXVEMR )PIGXVMGEP�
7]WXIQW

(EXE�
1EREKIQIRX

0MJI�
7YTTSVX7YWTIRWMSR

'LEWWMW 7IRWSVW 'SQQYRMGEXMSRW 8LIVQEP�
'SRXVSP

���5LPV
���7LUHV

���*HDUV
���%UHDNV
���6KDIWV
���6WHHULQJ

���%DWWHULHV
���3RZHU�
���/LJKWV
���:LULQJ
���$UUD\V

���6KDIWV
���$UPV�
���6SULQJV�
���'DPSHUV�

���8PELOLFDO�&DEOH
���8PELOLFDO�6\VWHP�
���3/66
���/LIH�6XSSRUW�0RQLWRULQJ

���)UDPH
���+XPDQ�&RQWUROV
���)HQGHUV
�

���/,'$5
���,08
���&DPHUDV
���7KHUPDO�6HQVRUV
�

���7UDQVFHLYHUV
���3URFHVVLQJ�
���&RPSXWHUV�
���&DEOHV
�

���0XOWL�OD\HU�,QVXODWLRQ
���7KHUPDO�6WUDSV
���)LOPV�	�&RDWLQJV�

�

��:KHHO�YV����:KHHO�,QLWLDO�$QDO\VLV
Ɣ /RZ�ILGHOLW\�PDVV�HVWLPDWH�ZLOO�DLG�LQ�GHWHUPLQLQJ�WKH�IHDVLELOLW\�RI�GLIIHUHQW�FRQILJXUDWLRQV

ż /�����UHTXLUHPHQW�PDQGDWHV�WKDW�3URWRJRQXV�LV�������NJ�
ż :LWK�D�����PDVV�PDUJLQ�D�3URWRJRQXV�PXVW�EH�������NJ�EDVHG�RQ�/������UHTXLUHPHQW

Ɣ ��ZKHHO�FRQILJXUDWLRQ�
ż ,PSURYHG�VWDELOLW\
ż %HWWHU�KDQGOLQJ�
ż )DXOW�WROHUDQW��ZKHHO�UHGXQGDQF\�

Ɣ �ZKHHO�FRQILJXUDWLRQ�
ż /LJKWHU
ż /HVV�FRPSOLFDWHG�GHVLJQ

���:KHHO�0DVV�(VWLPDWH�

&KDVVLV �����NJ

:KHHO�	�+XE��WRWDO� ����NJ

0RWRUV��WRWDO� �����NJ

6XVSHQVLRQ��WRWDO� ����NJ

6WHHULQJ��WRWDO�� �����NJ

���:KHHO�0DVV�(VWLPDWH�

&KDVVLV �����NJ

:KHHO�	�+XE��WRWDO� �����NJ

0RWRUV��WRWDO� ������NJ

6XVSHQVLRQ��WRWDO� �����NJ

6WHHULQJ��WRWDO�� �����NJ �

(IIHFWLYH�'UDZEDU�3XOO����YV����:KHHOV�

�

Ɣ $QDO\]HG�(IIHFWLYH�'UDZEDU�SXOO�IRU���
&RQILJXUDWLRQV�EDVHG�RQ�WKH�ZHLJKW�
GLVWULEXWLRQ�RQ�HDFK�ZKHHO

Ɣ $VVXPLQJ�
ż 3URWRJRQXV�LV�LQ�LWV���FUHZ�

FRQILJXUDWLRQ��a����NJ�
ż 8VLQJ�WKH�VDPH�ZKHHO�GHVLJQ

Ɣ &RQFOXVLRQ�
ż %HWWHU�GUDZEDU�SXOO�IRU�WKH���

ZKHHO�FRQILJXUDWLRQ
ż 1RW�ZRUWK�WKH�DGGLWLRQDO�PDVV�

ZKHQ���ZKHHO�FRQILJXUDWLRQ�KDV�
VDWLVIDFWRU\�SHUIRUPDQFH

�



�

&RQFHSWXDO�'HVLJQ

��

,WHUDWLYH�'HVLJQ

5HYLVLRQ�� 5HYLVLRQ��

��

&RQFHSWXDO�'HVLJQ'H[WHURXV�
PDQLSXODWRU�IRU�
WHWKHU�FRQWURO

5HWUDFWDEOH�VRODU�
DUUD\

0HVK�ZKHHOV

)HQGHUV

��

&RQFHSWXDO�'HVLJQ

+DQG�&RQWUROOHU�

,QGHSHQGHQW�
6XVSHQVLRQ�6\VWHP�

3D\ORDG�6WRUDJH

)ROGDEOH�6WRZDEOH�
&KDLUV�

5DFN�DQG�3LQLRQ�
$FNHUPDQQ�6WHHULQJ



��

&KDVVLV�'HVLJQ

Ɣ &KDVVLV�FRQVLVWV�RI�EHDPV�ZLWK�FLUFXODU�
FURVV�VHFWLRQV�IRU�ERWK�D�OLJKWZHLJKW�DQG�
GXUDEOH�GHVLJQ

Ɣ &\FOHG�WKURXJK�GLIIHUHQW�VWUXFWXUHV�DQG�
FURVV�VHFWLRQV�WR�ILQG�D�VXLWDEOH�GHVLJQ

��P

����P

6SHFLILFDWLRQV�

0DVV �����NJ

/HQJWK �����P

:LGWK �����P

7KLFNQHVV �����P ��

&KDVVLV�'HVLJQ

Ɣ &UHDWHG�D�ILQLWH�HOHPHQW�DQDO\VLV��)($��
VLPXODWLRQ�LQ�1;�WR�GHWHUPLQH�LI�WKH�
FKDVVLV�VWUXFWXUH�FDQ�VXSSRUW�WKH�
PD[LPXP�ZHLJKW�

$VVXPSWLRQ��
Ɣ :HLJKW�LV�HYHQO\�GLVWULEXWHG�RYHU�WKH�

FKDVVLV
Ɣ 0D[�ORDG�FDVH����&UHZ�&RQILJXUDWLRQ�

&RQFOXVLRQ�
Ɣ 0D[�GHIRUPDWLRQ�LV����PP
Ɣ 6WUXFWXUH�LV�VXIILFLHQW�WR�VXSSRUW���FUHZ

Ɣ /������UHTXLUHPHQW�PDQGDWHV�3URWRJRQXV�WR�WUDYHUVH���R�VORSH��XQGHU�QRPLQDO�
FRQGLWLRQV�SRVLWLYH�GUDZEDU�SXOO�FRXOG�QRW�EH�DFKLHYHG�WR�VDWLVI\�/��UHTXLUHPHQW�IRU�
ULJLG�ZKHHOV

Ɣ $�WKLQQHU�DQG�ODUJHU�ZKHHO�ZRXOG�SURYLGH�WKH�QHFHVVDU\�GUDZEDU�SXOO�DW�WKH�
H[SHQVH�RI�WKH�SHUIRUPDQFH�PHWULFV��SRZHU��PDVV��ZKHHO�SHUIRUPDQFH��HWF����

Ɣ 2WKHU�DOWHUQDWLYHV�ZHUH�LQYHVWLJDWHG��QDPHO\�IOH[LEOH�PHVK�ZKHHOV

:KHHO�6HOHFWLRQ�DQG�0HWKRGRORJ\

9HKLFOH�
:HLJKW ����1

6OLS�5DWLR ��

*URXVHU�
&RXQW ��

*URXVHU�
+HLJKW ����FP

��

$FKLHYDEOH�'UDZEDU�3XOO�ZLWK�0HVK�:KHHOV
Ɣ 0HVK�:KHHO�$GYDQWDJHV�

ż /DUJHU�FRQWDFW�DUHD�ZLWK�/XQDU�VXUIDFH
ż /DUJHU�WUDFWLYH�IRUFH
ż 6PDOOHU�FRPSUHVVLRQ�GHSWK
ż *UHDWHU�GUDZEDU�SXOO�ZKHQ�FRPSDUHG�WR�

D�HTXDOO\�VL]HG�ULJLG�ZKHHO�
ż /LJKWHU�WKDQ�ULJLG�ZKHHOV�

9HKLFOH�
:HLJKW ����1

:KHHO�
'HIOHFWLRQ �����FP

6OLS�5DWLR ��

*URXVHU�
&RXQW ��

*URXVHU�
+HLJKW ����FP

Ɣ 0HVK�:KHHO�'LVDGYDQWDJHV�
ż %XOOGR]LQJ�UHVLVWDQFH�GHJUDGHV�GUDZEDU�

SXOO�PXFK�TXLFNHU�DV�ZKHHO�VL]H�JURZV�
ż 1RW�DV�GXUDEOH�DV�XQLIRUP�ULJLG�ZKHHO

��

%XOOGR]LQJ�UHVLVWDQFH�
EHJLQV�WR�GHJUDGH�
GUDZEDU�SXOO�DV�

GLDPHWHU�LV�LQFUHDVHG��



%XOOGR]LQJ�5HVLVWDQFH�DQG�7UDFWLYH�)RUFH�(YROXWLRQ

9HKLFOH�
:HLJKW ����1

:KHHO�
'HIOHFWLRQ �����FP

6OLS�5DWLR ��

*URXVHU�
&RXQW ��

*URXVHU�
+HLJKW ����FP

Ɣ ,QLWLDO�2EVHUYDWLRQV�
ż 7UDFWLYH�IRUFH�LV�PXFK�ODUJHU�ZLWK�IOH[LEOH�ZKHHOV��DV�WKH�FRQWDFW�DUHD�LV�QRZ�PXFK�ODUJHU
ż %XOOGR]LQJ�UHVLVWDQFH�IRU�IOH[LEOH�ZKHHOV�LV�LQLWLDOO\�VPDOO�DV�WKH�VXUIDFH�FRQWDFW�SUHVVXUH�

DQG�FRPSUHVVLRQ�GHSWK�DUH�VPDOOHU��+RZHYHU��WKH�GHVLJQ�ZLOO�HYHQWXDOO\�EHJLQ�WR�
DGYHUVHO\�LPSDFW�WKH�HIIHFWLYH�GUDZEDU�SXOO

��

,QLWLDO�:KHHO�'HVLJQ
Ɣ 5HSHDWHG�GHIRUPDWLRQ�ZLWKRXW�IDLOXUH�XVLQJ�WLWDQLXP�QLFNHO�VKDSH�

PHPRU\�DOOR\
Ɣ $OORZ�IRU�D�����FOHDUDQFH�PDUJLQ�IURP�WKH�ERWWRP�RI�WKH�FKDVVLV�GXH�

WKH�WKLFNQHVV�RI�WKH�FKDVVLV

9HKLFOH�
:HLJKW ����1

'LDPHWHU �����P

:LGWK ����P

:KHHO�
'HIOHFWLRQ �����FP

*URXVHU�
&RXQW ��

*URXVHU�
+HLJKW ����FP

��

'UDZEDU�SXOO�RQ���R�6ORSH���a����1

6OLS�5DWLR�(IIHFWV�RQ�'UDZEDU�3XOO

9HKLFOH�
:HLJKW ����1

:KHHO�
'HIOHFWLRQ �����FP

*URXVHU�
&RXQW ��

*URXVHU�
+HLJKW ����FP

Ɣ $IWHU�ILQDO�UHYLVLRQ�RI�ZKHHO�GHVLJQ�SRVLWLYH�GUDZEDU�SXOO�LV�VWLOO�DFKLHYHG�IRU�
DGYHUVH�VRLO�FRQGLWLRQV

Ɣ 'UDZEDU�SXOO�UHPDLQV�SRVLWLYH�IRU�VOLS�UDWLRV�JUHDWHU�WKDQ����
Ɣ 7KH�IOH[LELOLW\�VWLOO�H[LVWV�WR�PRGLI\�ZKHHO�GHVLJQ�IRU�EHWWHU�SHUIRUPDQFH

��

P� �����NJ P� �����NJ P� �����NJ P� �����NJ P� �����NJ

3�#�����P�V ���������: ���������: ���������: ���������: ���������:

3�#���P�V ���������: ���������: ���������: ���������: ���������:

0DVV�6FHQDULRV�
Ɣ 8QPDQQHG�5RYHU�� ����NJ
Ɣ 5RYHU���3D\ORDG�� ����NJ
Ɣ 5RYHU���3D\ORDG�����$VWURQDXW� ����NJ
Ɣ 5RYHU�����$VWURQDXWV�� ����NJ
Ɣ 5RYHU���3D\ORDG�����$VWURQDXWV�� ����NJ

7RWDO�SRZHU�IRU���GULYH�PRWRUV
3RZHU�GRHV�QRW�FKDQJH�ZLWK�JHDU�UDWLR

��

'ULYH�0RWRU�3RZHU�$QDO\VLV



��

��LQGHSHQGHQW�GULYH�
PRWRUV
96
��LQGHSHQGHQW�PRWRUV�
DQG���FRXSOHG�EDFN�
ZKHHO�PRWRU

'ULYH�0RWRU�&RQILJXUDWLRQV

�����������JHDU�UDWLR�DFKLHYDEOH>�@�ZLWK�D�KDUPRQLF�GULYH

��

*HDU�5DWLR�$QDO\VLV

͙͚̇�ÇġƼƞö͇�jġŊśŊ�öŭĚ�ª͌�²Ţöƴƴġƞ͌�ͩ�!ÀÇ�À�ª²͆�(ġǔġŢŸƛūġŭƴ�ŸĻ�ƴńġ�ńöƞūŸŭŊē�ĚƞŊǔġ�ļġöƞ�
ĻŸƞ�Ʀƛöēġ�öƛƛŢŊēöƴŊŸŭƦ͌ͪ�͛̇̏̏̏͌͜

9OLPLW� ��������P�V
9�UHTXLUHG�IRU�D�����P�WDOO�REVWDFOH���������P�V

2EVWDFOH�&ROOLVLRQ�$QDO\VLV

��

7KH�FKDQJH�LQ�RXU�ZKHHO�GHVLJQ�KDV�OHG�WR�EHWWHU�ZDOO�FOLPELQJ
$QDO\VLV�LV�LQGHSHQGHQW�RI�ZHLJKW

&OLPELQJ�$QDO\VLV

��



&OLPELQJ�$GMXVWHG�0RWRUV�

��

)RU�1� �����DQG�WRUTXH�RI�����1P��WRWDO�
GULYH�WUDLQ�PDVV�LV������NJ

7851�,1�3/$&(

��ZKHHO�VNLG

��ZKHHO�VWHHUHG

)URQW�$[LV�$FNHUPDQQ 'XDO�$[LV�$FNHUPDQQ

6WHHULQJ�7\SHV

��

��

6WHHULQJ�3RZHU�&RPSDULVRQ 6WHHULQJ�0HFKDQLVPV

��



��

6WHHULQJ�7UDGH

��

��

6WHHULQJ�6\VWHP�0DVV�&RPSDULVRQ

��

'LDPHWHU�RI���� ����

�$UP�/HQJWK ����

5DFN�/HQJWK ���

5RG�/HQJWK ������



$FNHUPDQQ�3HUIRUPDQFH

��

6WHHULQJ�/LPLWV

��

��� ���

:% �����P

7: ����P

,QWHUQDO�5DGL �����P

([WHUQDO�5DGL �����P

��:KHHOV�FRQWUROOHG�SHU�DFWXDWRU��
7DRBW� �������>1P@
$W�����P��)�UHTXLUHG�LV����1��

6WHHULQJ�$FWXDWRU

��KWWSV���\DQWUL[�ZRUGSUHVV�FRP�WDJ�DFNHUPDQQ�VWHHULQJ�

7RWDO�0DVV�>NJ@ ���

:HLJKW�:KHHOV�>1@ ���

:KHHO�:LGWK�>P@ ����

7DR�>1P@ �����

6WHHULQJ�$FWXDWRU

��

,WHP���/0�%���$=$&����+LJK�6SHHG�5DFN�DQG�
3LQLRQ�6\VWHP������PP�6WURNH���7KH�5DFN�DQG�
3LQLRQ�6\VWHP�LV�D�OLQHDU�DFWXDWRU�LQ�ZKLFK�D�UDFN�
DQG�SLQLRQ�PHFKDQLVP�ZLWK�D�PRWRU�KDYH�EHHQ�
FRPELQHG��7KH�PRWRU�XWLOL]HV�D�EDWWHU\�IUHH�DEVROXWH�
VHQVRU��ZKLFK�DOORZV�IRU�KLJK�SRVLWLRQLQJ�DFFXUDF\�
DQG�KLJK�ORDG�WUDQVSRUWDWLRQ�



+(5(

��

6XVSHQVLRQ�6\VWHP�3URWRW\SHV

��

6XVSHQVLRQ�6\VWHP�3URWRW\SHV

��

6XVSHQVLRQ�6\VWHP�3URWRW\SHV

��



6XVSHQVLRQ�6\VWHP�3URWRW\SHV

'(6,*1�2)�$�+,*+�02%,/,7<�/2:�:(,*+7�/81$5�529(5��$�:LQWHUKROOHU��0��5RPDQ��7��+XQW��DQG�'�3��0LOOHU
8QLYHUVLW\�RI�2NODKRPD������$VS�$YH��5P������1RUPDQ�2.��������86$
DORLV#RX�HGX��EHOO[��#RX�HGX��GSPLOOHU#RX�HGX�	�WLPKXQW#RX�HGX

��

%HQHIDFWRU�6FRUHV��PRUH� �EHWWHU� 'HWUDFWRU�6FRUHV��OHVV� �EHWWHU�

H[��$FWLYH�'2)��SDVVLYH�VXVSHQVLRQ�'2)���������� ������������������H[��PDVV�RI�V\VWHP��WXUQ�UDGLXV

6XVSHQVLRQ�6\VWHP�7UDGH

��

6XVSHQVLRQ�6\VWHP�7UDGH

��

6XVSHQVLRQ�6\VWHP�7UDGH

��



6XVSHQVLRQ�&$'
'RXEOH�:LVKERQH

��

Ɣ *RDO�LV���������+]�VXVSHQVLRQ�IUHTXHQF\�IRU�ULGHU�
FRPIRUW��QRW�WR�H[FHHG�����+]

Ɣ ,QWHUHVWHG�LQ�VXVSHQVLRQ�SDUDPHWHUV�WKDW�ZLOO�NHHS�
PDVV�FRQILJXUDWLRQV�LQYROYLQJ�DVWURQDXWV�ZLWKLQ�
WKLV�JRDO

Ɣ 6SULQJ�6WLIIQHVV�RI������1�P�VDWLVILHV�JRDO

6XVSHQVLRQ
8QGDPSHG�6LQJOH�:KHHO

0DVV�&RQILJXUDWLRQ 6XVSHQVLRQ�6SULQJ�
'HIOHFWLRQ�DW�UHVW�>P@

1R�3D\ORDG ����

3D\ORDG�2QO\ ����

��$VWURQDXW�Z�3D\ORDG ����

��$VWURQDXWV�
Z�RXW�3D\ORDG

����

��$VWURQDXWV�Z�3D\ORDG ���� ̊̌

Ɣ )RU�XQGDPSHG�PXOWL�ZKHHO�DQDO\VLV��D�VSULQJ�
VWLIIQHVV�RI��������1�P�EULQJV�IURQW�DQG�UHDU�
VXVSHQVLRQ�IUHTXHQFLHV�ZLWKLQ�GHVLUHG�UDQJH

Ɣ 7R�PDLQWDLQ�GHVLUHG�IUHTXHQFLHV��&�0��PXVW�EH�
�����WR������PHWHUV�IURP�IURQW�ZKHHO�D[OH

6XVSHQVLRQ
8QGDPSHG�0XOWL�:KHHO

0DVV�&RQILJXUDWLRQ 6XVSHQVLRQ�6SULQJ�
'HIOHFWLRQ�DW�UHVW�>P@

1R�3D\ORDG ����

3D\ORDG�2QO\ ����

��$VWURQDXW�Z�3D\ORDG ����

��$VWURQDXWV�
Z�RXW�3D\ORDG

����

��$VWURQDXWV�Z�3D\ORDG ���� ̊̍

Ɣ /RRNLQJ�DW�UHFRPPHQGHG�WLUH�VWLIIQHVV�WR�NHHS�
VXVSHQVLRQ�IUHTXHQF\�ZLWKLQ�GHVLUHG�UDQJH�ZLWK�
�������1�P�VSULQJ�VWLIIQHVV

Ɣ 5HFRPPHQGHG�WLUH�VWLIIQHVV�LV��������1�P

6XVSHQVLRQ
8QGDPSHG�7LUH�6WLIIQHVV

̊̎



6XVSHQVLRQ
&ULWLFDO�'LVWDQFH

9HKLFOH�6SHHG�
>P�V@

6XVSHQVLRQ�
)UHTXHQF\�>+]@

&ULWLFDO�
'LVWDQFH�
EHWZHHQ�
%XPSV�>P@

��� ��� ����

��� � ���

��� � ���

��� ��� ����

� ��� ���� ̊̏

Ɣ $W�QRPLQDO�VSHHG������P�V��RSHUDWLQJ�DW�GHVLUHG�
VXVSHQVLRQ�IUHTXHQF\��������+]���FULWLFDO�GLVWDQFH�
EHWZHHQ�EXPSV�DUH������WR�����PHWHUV

6XVSHQVLRQ
'DPSLQJ

̋̆

Ɣ /RRNHG�DW�DGGLQJ�GDPSLQJ�WR�LPSURYH�FRPIRUW
Ɣ 'HVLUHG�WR�KDYH�D�GDPSLQJ�UDWLR�RI����DQG�SUHIHU�

XQGHUGDPSHG�SHUIRUPDQFH�VLQFH�VXVSHQVLRQ�
VSHFLILFDWLRQV�ZLOO�YLEUDWH�DW�������+]��FRPIRUWDEOH�
UDQJH���$Q�RYHUGDPSHG�V\VWHP�ZRXOG�EH�OHVV�
FRPIRUWDEOH

Ɣ &KRRVLQJ�D�GDPSLQJ�FRHIILFLHQW�RI������1�V�DOORZV�
DOO�FRQILJXUDWLRQV�WR�KDYH�HLWKHU�D�GDPSLQJ�UDWLR�RI�
��RU�EH�XQGHUGDPSHG�

6XVSHQVLRQ
0DVV�6SULQJ�'DPSHU

̋̇

Ɣ 8VHG�2'(���WR�SORW�VXVSHQVLRQ�SHUIRUPDQFH
Ɣ 6SULQJ�VWLIIQHVV� ��������1�P
Ɣ 'DPSLQJ�FRHIILFLHQW� �������1�V
Ɣ ,QLWLDO�GLVSODFHPHQW�LV�WKH�GHIOHFWLRQ�RI�VXVSHQVLRQ�

DW�UHVW�IRU�HDFK�PDVV�FRQILJXUDWLRQ

6XVSHQVLRQ
$OWHUQDWLYH�'HVLJQ

̋̈

Ɣ :LWK�D�VSULQJ�VWLIIQHVV�RI�������1�P��VXVSHQVLRQ�IUHTXHQF\�UDQJHV�EHWZHHQ�����������+]
Ɣ (IIHFWV�RI�WKLV�IUHTXHQF\�UDQJH�RQ�WKH�KXPDQ�ERG\�DUH�PRWLRQ�VLFNQHVV�DQG�GL]]LQHVV�>�@

)UHT��DW�.� ������1�P
)UHT��DW�
.� ������1�P 6XVSHQVLRQ�IUHT��UDQJH�VWD\V�

FRQVLVWHQW�ZLWK�YDULRXV�WLUH�VWLIIQHVVHV



6WDELOLW\
&�0��DW�JHRPHWULF�FHQWHU

̋̉

3DUDPHWHU 9DOXH 8QLW

0D[�VORSH�IRU�SRVLWLYH�IURQW�
QRUPDO�IRUFH

���� GHJ

0D[�VORSH�IRU�SRVLWLYH�UHDU�
VKHDU�IRUFH

���� GHJ

$FFHOHUDWLRQ�/LPLW�
DW����GHJ�VORSH

���� P�VA�

$FKLHYDEOH�$FFHOHUDWLRQ�
DW����GHJ�VORSH

���� P�VA�

/LPLWLQJ�6ORSH�IRU�
$FFHOHUDWLRQ

�� GHJ

$FKLHYDEOH�'HFHOHUDWLRQ�
DW����GHJ�VORSH

����� P�VA�

5HTXLUHG�7XUQLQJ�5DGLXV�
���P�V�RQ����GHJ�VORSH�

���� P

6WDELOLW\
6KLIWLQJ�&�0�

̋̊

3DUDPHWHU &�0��/RFDWLRQ�>P@

3RVLWLYH�IURQW�QRUPDO�IRUFH�DQG�UHDU�
VKHDU�IRUFH

������IURP�IURQW�D[OH

3RVLWLYH�DFFHOHUDWLRQ�IURP�VWDWLF�RQ�
���GHJ�VORSH

������IURP�IURQW�D[OH

0D[LPXP�SRVLWLYH�DFFHOHUDWLRQ�RQ����
GHJ�VORSH

������IURP�IURQW�D[OH

Ɣ 'HFHOHUDWLRQ�PD[LPL]HV�ZKHQ�&�0��LV�
VKLIWHG�EHKLQG�JHRPHWULF�FHQWHU

Ɣ 7XUQ�UDGLXV�LV�UHGXFHG�&�0��LV�VKLIWHG�LQ�WKH�
RSSRVLWH�GLUHFWLRQ�RI�WKH�WXUQ

&RPPXQLFDLWRQV

���(;3/25$7,21�08/7,�385326(�529(5�)25�(;3$1',1*�685)$&(�6&,(1&(�7HFKQLFDO�5HSRUW�1$6$�5$6&�$/�
�����

&DPHUDV�
Ɣ +L�'HI
Ɣ 6WDU�7UDFNLQJ
,08
(QFRGHUV
/,'$5
6WDU�7UDFNHU�&HOHVWLDO�
/RFDOL]DWLRQ>�@�
Ɣ 6WDU�7UDFNHU�&DPHUD
Ɣ ,QFOLQRPHWHU

6HQVRUV

��
͙͚̉�(͌��͌�²ŊļġŢ�öŭĚ�(͌�àġƴƴġƞļƞġġŭ͇�͏²ƴöƞ�ƴƞöēŞġƞ�ēġŢġƦƴŊöŢ�ŢŸēöŢŊǥöƴŊŸŭ�ƦǛƦƴġū�ĻŸƞ�ö�ŢƼŭöƞ�
ƞŸǔġƞ͇͏ �̈̆̆̍�X000͒ª²h�XŭƴġƞŭöƴŊŸŭöŢ�!ŸŭĻġƞġŭēġ�Ÿŭ�XŭƴġŢŢŊļġŭƴ�ªŸĒŸƴƦ�öŭĚ�²ǛƦƴġūƦ͇�²öŭ�
(ŊġļŸ͇�!�͇�̈̆̆ ͇̍�ƛƛ͌�͇̈̎̋̇̈̎̋̌͡�ĚŸŊ͆�̇̆͌̇̇̆̏͒Xª�²͌̈̆̆ ͌̍̊̉̏̏̋̇̆͌

KWWSV���ZZZ�JHRJUDSK\UHDOP�FRP�ZS�FRQWHQW�XSORDGV���������MR
KQVRQVBUHHIBOLGDU�SQJ

6LJHO�DQG�:HWWHUJUHHQ�
>�@

&RPPXQLFDLWRQV

�(;3/25$7,21�08/7,�385326(�529(5�)25�(;3$1',1*�685)$&(�6&,(1&(�7HFKQLFDO�5HSRUW�1$6$�5$6&�$/�
�����

��



̉��ƼƴŸŭŸūŸƼƦ�wŸĚġƦ͆
Ɣ ÇŭūöŭŭġĚ͆�ªġēġŊǔġƦ�
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Introduction

� ROCI was designed to support Astronaut operations on the

Moon

� ROCI will:

� Be able to operate autonomously

� Transport Astronauts and Cargo

� Support Disembarked Astronauts

� Have a sortie endurance of 8 hours

� Travel 54 km on a single battery charge
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ROCI
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Rover for Operations support, Cargo, and Investigations is a 

rover that will support manned operations on the Moon. It is 

capable of operating solo or transporting Astronauts and Cargo. 

It is equipped with a solar array to minimize the need for 

recharge power from the base during Lunar Day. In an 

emergency, the Solar Array and Cargo Module can be detached 

to allow the second seat to be folded up to carry a second 

astronaut.

Specifications

Length: 2.8 m

Width: 1.8 m

Height: 1.1 m

Ground Clearance: 0.4 m

Personnel/Payload 

Configurations:

1.Rover Only

2.1 Astronaut and 80 kg of Cargo

3.2 Astronauts

Mass Budget Mass (kg)

Mass Used 154.9

Mass Limit 250

Mass Remaining 85.1

% Margin 34%

Nominal Configuration Statistics

Flat Terrain Acceleration 0.38 m/s^2

0 to 4 m/s Time 10.5 Seconds

Distance Traveled to get to 4 m/s 21 m

Sortie Duration 8 Hours

Maximum Speed 4 m/s

Steering Turn on a Point

Suspension Independent Double Wishbone



Requirements
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Ref 
Number

Requirement Slide 
Numbers

Requirement Covered Summary

L1-1 Rover shall have a maximum operating 

speed of at least 4 m/sec on level, flat 

terrain.

37, 38, 66, 

72, 88

The wheels are sized to provide positive drawbar pull on flat surfaces 

and motors are sized to meet the 4 m/s speed requirement

L1-2 Rover shall be designed to accommodate a 

0.3 meter obstacle at minimal velocity.

33, 58, 66, 

72, 82

The wheels are sized to climb over 0.3 meter obstacles.

L1-3 Rover shall be designed to accommodate a 

0.1 m obstacle at a velocity of 2.5 m/sec.

33, 58, 66, 

72, 82

The wheels are sized to handle 0.3 meter obstacles and motors are 

sized to meet the 2.5 m/s speed requirement.

L1-4 Rover shall be designed to safely 

accommodate a 20° slope in any direction 

at a speed of at least 1 m/sec and 

including the ability to start and stop.

37, 38, 39, 

49, 52, 66, 

82

The wheels will provide positive drawbar pull and the motors are 

si]ed to provide sufficient torque for the wheel·s maximum tractive 
force. The wheels tractive force is sufficient to provide the required 

wheel thrust to meet static requirements when parked on a slope.

Requirements
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Ref 
Number

Requirement Slide 
Numbers

Requirement Covered Summary

L1-5 The rover shall have a nominal sortie 

range of 54 km at an average speed of 2.5 

m/sec.

39, 66, 77, 

79, 82

Batteries are sized to provide a 54 km sortie range traveling at 2.5 

m/s.

L1-6 Rover shall be capable of carrying one 170 

kg EVA crew and 80 kg of assorted payload 

in nominal conditions.

23, 82 The rover is designed to carry an EVA Crew member with cargo.

L1-7 Payload may be modeled as a 0.25 m^3 

box

18, 23 The payload box is accommodated in the design.

L1-8 Rover shall be capable of also carrying a 

second 170 kg EVA crew in a contingency 

situation. Payload may be jettisoned if 

design permits.

23, 38, 39,

66, 82

The rover is capable of transporting a second EVA Crew Member in a 

Contingency Situation.

Requirements
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Ref 
Number

Requirement Slide 
Numbers

Requirement Covered Summary

L1-9 Rover design shall incorporate roll-over 

protection for the crew and all required 

ingress/egress aids and crew restraints.

52 The rover is stable in all operating modes. Fault protection will be 

provided to prevent overturn conditions. Crew restraints are also 

provided.

L1-10 A nominal sortie shall be at least eight 

hours long.

77, 79, 82 The battery is sized to provide sufficient power for an eight hour

sortie.

L1-11 Two rovers must be launched on a single 

CLPS lander.

25, 26, 49 The rover is sized to fit two to a CLIPS lander.

L1-12 A single rover shall mass �250 kg. 22 The current rover design·s mass is within the mass requirements with 
a margin.

Requirements
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Ref 
Number

Requirement Slide 
Numbers

Requirement Covered Summary

L1-13 Rovers shall be developed in time to be 

used on the first Artemis landing mission.

78, 80 COTS components and currently available materials will be used.

L1-14 Rover shall be capable of operating 

indefinitely without crew present.

80, 82 Sensors, Autonomous Software, and Communications components will 

be added to allow the rover to operate without crew.

L1-15 Rover shall be be capable of being 

controlled directly, remotely, or 

automated.

85 Communications systems will allow remote control. Sensors and 

software will allow autonomous operations. Crew interfaces will 

allow for direct control.

L1-16 Rover shall be capable of following an 

astronaut, following an astronaut·s path, 
or autonomous path planning between 

waypoints.

85 Cameras will recognize reference tags on astronauts to allow for 

following. A computer, LIDAR, and cameras will allow for autonomous 

navigation.
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Ref 
Number

Requirement Slide 
Numbers

Requirement Covered Summary

L1-17 The Rover will be capable of operating 

during any part of the day night cycle and 

at any latitude.

80 Lights will be added to allow for operations in the night cycle. A solar 

array will allow for remote charging during the day cycle.

Concepts Explored: ROCI Modular Wheel
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Concepts Explored: Trades and Decisions 

Overview

� Mobility Design Decision

� Options: Wheels, Tracks, or Legs

� Wheels were selected

� Wheel Width, Diameter, and Number Trade Study

� Wheel Number Options: 4, 6, or 8

� 4 Wheels were selected

� Wheel Width and Diameter Decision

� Diameter Range: 0.3 m to 1 m and Width Range 0.05 m to 0.3 m

� 0.8 m Diameter and 0.1 m Width wheels were selected
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Concepts Explored: Trades and Decisions 

Overview

� Grousers Trade Study

� Grouser Height Range : 1 cm to 10 cm

� 30 4.5 cm Grousers were selected

� Suspension Design Decision

� Spring Independent Suspension

� Steering Design Decision

� Independent Steering with Turn on a Point Capability

� Solar Array

� Options: Silicon, Single Junction GaAs, or Triple Junction GaAs

� Triple Junction GaAs Selected
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Design Evolution: Phase 1
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Design Evolution: Phase 2
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ROCI Final Design
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Design Overview

� ROCI Base Dimensions

� Design Wheel

� ROCI with the Design Wheels

� Mass Budget

� Configurations

� Size Restrictions
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Design Overview

17 |

ROCI Base Dimensions
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ROCI Base Dimensions
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Design Wheel
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ROCI with the Design Wheels
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Design Overview: Mass Budget
Item Mass (kg)

Structure/Chassis 65

Suspension and Wheels 24.8

HASCAMS 1.8 [6]

NAVCAMS 0.4 [6]

Battery 25.9

Driver Motors and Harmonic Drive 7.6

Steering Motors 10.4

Solar Array 1.6

Total Mass 163.5

Margin 35%
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� Mass Budget is below the 250 kg allocation

for a CLIPS Lander with a margin.

� Satisfies Requirement: L1-12, A single

rover shall mass less than 250 kg.

Design Overview: Configurations
� The Rover will have three configurations

� Configuration 1: Dry Mass Configuration

� Consists of just the Rover

� Configuration 2: Nominal Configuration

� Consists of the Rover, One EVA Crew, and One Payload Module

� Configuration 3: Emergency Configuration

� Consists of the Rover and Two EVA Crew

� To switch to this configuration, the Payload Module and Solar Array are removed and the 
Second Seat is folded up to carry the Second EVA Crew back to base.

� These configurations will accommodate the following requirements:

� L1-6: Rover shall be capable of carrying one 170 kg EVA Crew and 80 kg of assorted payload in
nominal conditions

� L1-8: Rover shall be capable of carrying a second 170 kg EVA Crew in a contingency 
configuration. Payload maybe jettisoned if design permits.
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Configurations

ROCI Emergency Configuration
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Size Restriction

� To meet requirement L1-11, two

rovers need to fit in a CLIPS Lander

and the CLIPS lander has to fit within

a Falcon 9 Payload Bay
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Falcon 9 Payload Bay [1]

Size Restriction

� Two ROCI Rovers will fit

in the CLIPS Bay in a

stacked configuration.
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Design Details

� Terra Mechanics and Wheel Design

� Stability and Breaking

� Suspension and Obstacles

� Chassis

� Motor and Gearing

� Power Systems

� Performance Summary
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Terra Mechanics and Wheel Design
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Terra Mechanics and Wheel Design
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Terra Mechanics and Wheel Design
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Terra Mechanics and Wheel Design
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Terra Mechanics and Wheel Design
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Terra Mechanics and Wheel Design
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Configuration Maximum 

Tractive Force 

Per Wheel (N) *

Torque Per 

Wheel (Nm) **

Bulldozing 

Resistance Per 

Wheel(N)

Compression 

Resistance per 

Wheel (N)

Gravitational 

Resistance (N)

[Slope]

Rolling 

Resistance (N)

Drawbar Pull (N)

[Slope]

Dry Mass 68.1 27.2 45.5 10.8 105.1 20.3 12.9 [15 deg]

Nominal 145.3 58.1 68.7 27.2 277.9 40.6 16.1 [20 deg] 

***

Emergency 173.8 69.5 76.4 33.9 327.9 47.9 30.8 ***

Number of Wheels* Diameter (m) Width (m) # of Grousers Grouser Height (cm)

4 0.8 *** 0.1 30 4.5

* Initial Trade Study assumed equal weight distribution. A refined performance estimate with CG is on slide 76.
** Used for power estimates for sorties 
*** Supports L1-2 and L1-3 Requirements

Terramechanics and Wheel Design: 

Slopes
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Terramechanics and Wheel Design: 

Slopes
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Terramechanics and Wheel Design: 

Slopes
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Terramechanics and Wheel Design: 

Slopes
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Front Wheels Back Wheels Acceleration

Configuration Slope Tractive 

Force per 

Wheel (N)

Torque Per 

Wheel (Nm)

Tractive 

Force per 

Wheel (N)

Torque Per 

Wheel (Nm)

Drawbar Pull 

(N)

Acceleration 

(m/s^2)

Time to Max 

Speed (s) [Max 

Speed (m/s)]

Distance 

Traveled to get 

to Max Speed 

(m)

Dry Mass 15° 69.1 27.6 67.2 26.9 12.3 0.03 33 [1 m/s] 17

0° 83.2 33.3 53.3 21.3 108.2 ** 0.26 15 [4 m/s] ** 30

-10° 92.6 37.0 44.4 17.8 32.0 0.079 12.7 [1 m/s] 7

Nominal 20° 85.4 24.1 206.8 82.7 51.0 * 0.063 15.9 [1 m/s] * 8

0° 120.1 48.1 170.6 68.2 308.1 ** 0.38 10.5 [4 m/s] ** 21

-20° 155.6 62.3 134.9 53.9 10.4 * 0.012 77.9 [1 m/s] * 39

* Note: Supports Requirement L1-4. ** Note: Supports Requirement L1-1

Terramechanics and Wheel Design: 

Slopes
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Front Wheels Back Wheels Acceleration

Configuration Slope Tractive 

Force per 

Wheel (N)

Torque Per 

Wheel (Nm)

Tractive 

Force per 

Wheel (N)

Torque Per 

Wheel (Nm)

Drawbar Pull 

(N)

Acceleration 

(m/s^2)

Time to Max 

Speed (s) [Max 

Speed (m/s)]

Distance 

Traveled to get 

to Max Speed 

(m)

Emergency 20° 119.6 47.8 229.1 91.6 60.2 * 0.063 15.9 [1 m/s] * 8

0° 158.8 63.5 188.9 75.6 366.7 ** 0.38 10.5 [4 m/s] ** 21

-20° 198.6 79.4 149.3 59.7 17.8 * 0.018 53.9 [1 m/s] * 27

* Note: Supports Requirement L1-4.

** Note: Supports Requirement L1-1

*** Note: Supports Requirement L1-8

Terramechanics and Wheel Design: 

Slopes

� Wheels are sized to accommodate 20° slopes with a positive

drawbar pull and will accommodate the following requirement

� L1-4: Accommodate a 20° slope with a speed of 1 m/s with the ability to

start and stop.

� The Rover has a positive drawbar pull on slopes and the tractive force per wheel is

sufficient to meet the wheel thrust needed for stability on slopes (See Slide XX in

Backup Slides)

� L1-5: The rover shall be capable of carrying one 170 kg EVA crew and 80 kg

of assorted payload in nominal conditions

� L1-8: The rover shall be capable of carrying a second EVA crew. Payload may

be jettisoned if design permits
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Stability: ROCI Center of Gravity

� Rover + Astronaut + Payload Configuration:

� 0.62 m vertical from the ground (0.22 m from the center of the front axle) and 1.16 m from the center of the front axle horizontally.

� Rover + 2 Astronaut Configuration:

� 0.58 m vertical from the ground (0.18 m from the center line of the front axle) and 1.08 m from the center of the front axle horizontally.

� Rover Configuration:

� 0.61 m vertical from the ground (0.21 m from the center line of the front axle) and 1.1 m from the center of the front axle horizontally.
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Stability and Breaking: 

Slopes and Roll Over
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Stability and Breaking: 

Slopes and Roll Over
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Stability and Breaking: 

Slopes and Roll Over
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Stability and Breaking: 

Acceleration
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Stability and Breaking: 

Acceleration
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Stability and Breaking: 

Deceleration
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Stability and Breaking: 

Deceleration
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Stability and Breaking: 

Pitch Over
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Stability and Breaking: Slope, Turn Over, 

Turning Radius, and Pitch Over Limits
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Up Slope Limit (deg) * Down Slope Limit (deg) * Turn Over Limit (deg) * Pitch Over Velocity Limit

(m/s)

Dry 64.4 -59.2 ** 58.0 1.5

Nominal 53.5 -61.8 53.8 1.7

Emergency 57.7 -61.7 55.6 1.7

* Note: Rover will be stable on a 20° slope which supports Requirement L1-4.

** Note: The Rover will be stable when deploying via rolling down a 30° ramp from the CLIPS vehicle supporting

Requirement L1-11.

Stability and Breaking: Slope, Turn Over, 

Turning Radius, and Pitch Over Limits
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Configuration Turning Radius Limits (m) on Flat Surface Turning Radius on a 20 degree Slope

4 (m/s) 2.5 (m/s) 1 (m/s)

Dry 6.1 2.4 0.52

Nominal 7.2 2.8 0.65

Emergency 6.7 2.6 0.59

Stability and Breaking: 

Acceleration and Deceleration Limits

51 |

Configuration Flat Surface 20° Slope -20° Slope

Inertial 

Acceleration Limit 

(m/s^2)

Deceleration Limit Inertial 

Acceleration Limit 

(m/s^2)

Deceleration Limit 

(m/s^2)

Inertial 

Acceleration Limit 

(m/s^2)

Deceleration Limit 

(m/s^2)

Dry 3.4 -2.7 2.6 -3.1 3.7 -2.0

Nominal 2.2 -3.0 1.5 -3.4 2.6 -2.3

Emergency 2.5 -3.0 1.8 -3.3 2.9 -2.2

Stability and Breaking

� The rover·s stability limits on slopes are in excess of 20° will

accommodate the following requirement:

� Supports the Slope Requirement of L1-4 and Protection Requirement

L1-9.

� Software Fault Protection logic will include protections for the

vehicle to not exceed stability limits.

� Supports Roll Over Protection Requirement in L1-9.
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Stability and Breaking

� ROCI has a friction brake disc and caliper packaged in the

wheel with the motor to brake the rover.

� Braking is initiated when the controller is pulled backwards

in manual mode and autonomously in the exploration mode.

� This operation deenergizes the drive motor and forces brake

shoes against a brake disc that stops the rotation of the

wheel hub.

� Equal braking force for the left and right wheels is affected

by routing the command through the main rover computer.

53 |

Disc Brake [7]

Suspension and Obstacles:

Suspension Design Decision
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Type Advantages Disadvantages

Rocker-Bogie � Allows to climb over high obstacles, while

keeping all wheels in contact with the 

ground.

� Rover can traverse terrains where the right 

and left rockers go over different type of 

obstacles.

� This is only true at lower operational 

speeds.

� Highly unstable at high speeds. At high 

speeds it experiences head on collision of 

wheels with obstacles. This would cause an 

impulsive force to act on front wheels.

Independent Suspension � The most widely used front suspension 

system.

� Legacy advantage

� Better handling and cornering

� More ride comfort for manned mission

� The independent motion of each wheel on 

an uneven surface results in uneven wear.

� Complex design compared to Rocker-Bogie 

suspension.

Suspension and Obstacles: 

Suspension
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Individual Double Wishbone Suspension

Suspension and Obstacles: 

Suspension
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� A four wheel independent suspension
allows each wheel to move up and down

independently from the rest of the

suspension. This means that all four of 

the vehicle·s wheels will always be in
contact with the ground.



Suspension and Obstacles
� Active suspension control through a PID controller resulting in less 

than 10 % overshoot.
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Spring constant of suspension 

system

80000 N/m

Spring constant of wheel and tire 50000 N/m

Damping constant of suspension 

system

1500 Ns/m

Damping constant of wheel and tire 350 Ns/m

Suspension and Obstacles
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Configuration Obstacle 

Height and 

Location

Front Right 

Wheel Weight 

on Wheel [N]

Rear Right 

Wheel Weight 

on Wheel [N]

Front Left 

Wheel Weight 

on Wheel [N]

Rear Left 

Wheel Weight 

on Wheel [N]

Max Wheel 

Tractive Force 

Encountered

[N]

Max Torque from 

Max Wheel 

Tractive Force 

[Nm]

Drawbar 

Pull [N] *

Nominal 0.3 m under 

Front Right 

Wheel

263 111 49 377 320 128 390

0.1 m under 

Front Right 

Wheel

197 193 127 283 236 94 382

0.3  m under 

Rear Right 

Wheel

41 333 307 119 280 112 385

0.1 m under 

Rear Right 

Wheel

123 266 214 197 220 88 379

* Note: Supports: L1-2 and L1-3.

Suspension and Obstacles
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Configuration Obstacle 

Height and 

Location

Front Right 

Wheel Weight 

on Wheel [N]

Rear Right 

Wheel Weight 

on Wheel [N]

Front Left 

Wheel Weight 

on Wheel [N]

Rear Left 

Wheel Weight 

on Wheel [N]

Max Wheel 

Tractive Force 

Encountered

[N]

Max Torque from 

Max Wheel 

Tractive Force 

[Nm]

Drawbar 

Pull [N]

Emergency 0.3 under 

Front Right 

Wheel

308 133 99 404 346 138 459

0.1 under 

Front Right 

Wheel

247 215 177 305 256 102 454

0.3 under 

Rear Right 

Wheel

91 355 357 141 303 121 451

0.1 under 

Rear Right 

Wheel

120 341 211 272 288 115 474

* Note: Supports: L1-2 and L1-3.

Chassis: 

Analysis at 1g (Earth)
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Material Al 2219 -T87

Mass 64.2 kg

Density 2840 kg/m
3

Young·s Modulus 72 GPa

Shear Modulus 27 GPa

Yield Strength 395 MPa

Tensile Strength 475 MPa

Safety Factor

(Static Load)

10



Chassis:

Analysis at 1g (Earth)
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Chassis:

Analysis at 1g (Earth)
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Chassis: 

Analysis at 10g (Earth)

63 |

Chassis:

Analysis at 10g (Earth)
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Chassis:

Analysis at 10g (Earth)
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Motors and Gearing: 

Drive Motor Requirements
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Max Torque (Nm) Origin

Slopes 91.6 Emergency Configuration

Obstacles 138.0 * Back Left Wheel in the 

Emergency Configuration

Speed Over a 0.1 m Obstacle Sortie Cruising Speed Max Speed

2.5 m/s 2.5 m/s 4 m/s *

* Note: Motors will be sized to meet Requirements L1-1, L1-2, L1-3, L1-4, L1-5, L1-6, and L1-8.

Motors and Gearing: 

Steering

� The Rover will rotate on a spot to turn.

� Steering Power:

� Wheel Velocity of 1 m/s

� Dry Mass Configuration: 81.2 W

� Nominal Mass Configuration: 162.5 W

� Emergency Mass Configuration: 181.8 W

� Pskid/Psteer = 4.7

� Estimated Steering Torque: 10.8 Nm
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Motors and Gearing: 

Drive Gearing Trade Study
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Motors and Gearing: 

Drive Gearing Trade Study
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Motors and Gearing: 

Drive Gearing Trade Study
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Motors and Gearing: 

Specifications
� Drive Motor Mass: 0.8 kg

� Gear Ratio: 50

� Peak Torque: 138 Nm

� Peak Velocity: 4 m/s

� Harmonic Drive Mass: 1.1 kg
� Peak Torque: 138 Nm

� Steering Motor and Harmonic Drive Mass: 2.6 kg
� Max Weight on Wheel: 404 N (Back Left Wheel when the Front Right Wheel is on a

0.3 m Obstacle)

� Estimated Steering Torque: 10.8 Nm

� Estimated RPM: 4 RPS
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Motors and Gearing: 

Steering
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Independent Steering



Motors and Gearing: 

Steering
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Motors and Gearing: 

ROCI Turning Maneuver
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Motors and Gearing: 

Specifications
� By setting the peak motor speed  to handle 4 m/s and the peak torque 441 Nm

the following requirements are satisfied:

� L1-1: Maximum Operating Speed must be 4 m/s on Flat Terrain.

� Motor maximum speed will accommodate 4 m/s.

� Peak torque is in excess of the torque for the tractive forces to be encountered on flat terrain

� L1-2: Accommodate 0.3 m obstacles at minimum velocity

� Motor maximum speed is sized in excess of a minimum velocity.

� Peak motor torque is sized in excess of expected torques on 0.1 m obstacles

� L1-3: Accommodate 0.1 m obstacles at 2.5 m/s

� Motor maximum speed is sized to accommodate speeds in excess of 2.5 m/s

� Peak motor torque is sized in excess of expected torques on 0.1 m obstacles

� L1-4: Accommodate slopes of at least 20 degrees at a speed of 1 m/s with the ability to
stop

� Motor maximum speed is sized to accommodate speeds in excess of 1 m/s

� Peak motor torque is sized in excess of expected torques on 20° slopes
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Power Systems: 

Motor and Housekeeping Loads
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Configuration Motor Output (W) at 2.5 m/s **** Motor Input Load (W) at 2.5 m/s * Total (4 Wheels) Motor Input Load 

(W) at 2.5m/s

Dry Mass 31.9 35.4 141.6

Nominal 68.0 75.6 302.4

Emergency 81.4 90.4 361.6

CPU Loads (W) ** Communications (W) LIDAR (W) Total Housekeeping Loads (W) ***

36.8 8.5 10 55.8

* Note: A motor efficiency of 90% was used to estimate input loads.

** Note: Based on a primary input of 5.6 V and 6.7 A and an aux input of 3.3 V and 1 A. [3].

*** Note: These values will be used for battery sizing and time to recharge studies.

**** Note: Based on Torques from Wheel Sizing Tractive Forces on slide 33.



Power Systems: 

Sortie Power Profiles
� L1-5 Requires that the rover travels 54 km at an average speed of 2.5 m/s^2

� 2.5 m/s^2 -> 9 km/h

� At 9 km/h, the rover can cover 54 km in 6 hours

� Total motor load time will be applied for 6 hours

� L1-10 Requires a nominal sortie to last 8 hours

� HK Loads will be applied for 8 hours

� Sortie Power Profiles

� Dry Mass Sortie

� Dry Mass Motor Load Time: 6 hours, HK Load Time: 8 hours

� Nominal Config Sortie

� Nominal Config Motor Load Time: 6 hours, HK Load Time: 8 hours

� Emergency Config Sortie

� Nominal Config Load Time: 3 hours, Emergency Load: 3 Hours, HK Load: 8 hours

� Allow the Astronauts to return if an Emergency occurs 27 km out (return point for a sortie)

77 |

Power Systems: 

Cell Selection and Battery Specification

� A Single Saft battery consisting of VL51ES Li Ion Cells in a 8s3p

configuration [2]

� Single Battery Stats [2]

� Wh Capacity: 4406.4 Wh

� Nameplate Capacity: 153 Ah

� Voltage: 28V

� Dimensions: 21.6 cm x 32.4 cm x 22.2 cm

� Mass: 25.9

78 |

SAFT VL51ES Li Ion Cell [2]

Power Systems: 

Battery usage used based on Sortie Type
� Dry Mass Sortie

� Battery Capacity Used: 1568 Wh

� Depth of Discharge (DoD) for the Sortie: 34.9% *

� Nominal Config Sortie

� Battery Capacity Used: 2687 Wh

� DoD for Sortie: 61.0% *

� Emergency Sortie

� Battery Capacity Used: 2898 Wh

� DoD for Sortie: 65.7 % *

� Power Endurance while Parked at Night: 78 Hours, 58 Minutes

* Note: The battery will meet Requirements L1-5 and L1-10

Note: Equations and constants used to calculate these values and create the charts on the 
next two slides are in the backup slides
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Power Systems: 

Solar Array Trade Study
Cell Technology Efficiency W Density Mass Density

Silicon 14% 202.95 W/m^2 0.13 kg/m^2

Single Junction GaAs 18.5% 250.3 W/m^2 0.8 kg/m^2

Triple Junction GaAs 29.5% 399.1 W/m^2 0.8 kg/m^2
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� Triple Junction GaAs Cells will be used for ROCI·s Solar Array
� While denser than Silicon Cells, Triple Junction GaAs Cells provide a great watt per square meter over the

other two options.

� A Solar Array will support the day period requirement of L1-14 and L1-17.



Power Systems: 

Time to Charge

81 |

Performance Summary
� Stability:

� The Rover is sable on 20° and 30° Slopes

� Requirements Supported: L1-4, L1-9, and L1-11

� Terrain Performance and Suspension:

� The Rover can navigate on open terrain and up and down 20° slopes at 4 m/s, climb 0.1 m obstacles at 1 m/s,
and 0.3 m obstacles, while meeting crew and payload requirements.

� Requirements Supported: L1-1, L1-2, L1-3, L1-4, L1-6, and L1-8

� Motors:

� Motors are sized to handle speeds up to 4 m/s, all slope requirements, and obstacle climbing.

� Requirements Supported: L1-1, L1-2, L1-3, L1-4, L1-5 L1-6, and L1-8

� Power:

� The power system is designed to handle 8 hour sorties and a range of 54 km at a 2.5 m/s cruising speed with 
recharge capability via a solar array

� Requirements Supported: L1-5, L1-10, and L1-14.
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Operations
� Rover Modes

� Control and Navigation
� Navigation Loop

� Cameras

� Sensors

� Fault Protection

� Communications

� Computer

� Crew Systems

� Earth Testing Considerations
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Operations: 

Rover Modes
� ROCI will have the following modes defined in its software

� Deployment Mode

� Diagnostic

� Autonomous  Mode

� Solo

� Assist

� Manned Mode

� Emergency Transport

� Safe Mode

� Park Mode

� Detailed Information on these modes will be in the Backup Slide Section.
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Operations: Control and Navigation
� For Autonomous Operations:

� The Rover will have Cameras and LIDAR to provide knowledge of its environment.

� When supporting an EVA Crew Member, it will track and follow the EVA Crew via reference tags. The EVA Crew 
will issue voice commands to the rover. This will support requirement L1-16.

� For Navigation:

� Algorithms will be included to control the rover autonomously

� Operator defined waypoints will be established

� Communications will be maintained with both Mission Operations and the EVA Crew remotely

� Operations Instructions will be sent from either Mission Operations or the EVA Crew

� For Manned Operations:

� The following Crew Interfaces will be included:

� A multifunction display will provide navigation assist and rover telemetry for the EVA Crew member

� A joystick will be provided to control the rover. The joystick will be attached via a support structure to provide stability.

� These interfaces will support the manned portion of Requirement L-15.

� Constant communications will exist between the EVA Crew and Mission Operations.

� Fault Protection will be provided via on-board software to protect the Crew and Rover.
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Control and Navigation: 

Navigation Loop
� To perform autonomous navigation,

the following loop that is mentioned in
reference 4 will be implemented in
ROCI·s flight software.

� This will support Requirement L1-14,
L-15, and L-16

� Path Plans and Instructions will be
provided by either EVA Crew or Mission
Operations

� Scans will be provided by Lidar and
Cameras
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NaYigaWion Loop foU ³AXWonomoXV 
Over-the-HoUi]on NaYigaWion´ [4]

Control and Navigation: 

Sensors
� IMU(Inertial Measurement Unit)

� It will provide 3-axis information on the rover·s position (Attitude and Acceleration), which will enable it to make precise 
vertical, hori]ontal, and (yaw) movements when it·s in autonomous mode. Will be used for rover navigation to support safe 
traverses and to estimate the degree of tilt the rover is experiencing on the surface.

� LiDAR (LiDAR + Vision based navigation)

� The combined Vision + LiDAR based system, will involve combining vision system pixels with LiDAR voxels for simultaneous and 
faster processing of both data streams, giving ROCI more time to make critical safety and navigational decisions.

� Capable of providing range data to build terrain models with 1-2 cm accuracy.

� LIDAR sensors, return accurate geometric information in three dimensions in the form of a 3D point cloud without requiring 
additional processing. 

� Do not rely on ambient lighting, we do not have to address the problems arising from adverse lighting conditions.

� Temperature Sensors (NTC Thermistor)

� Will be used to measure the temperature of the onboard computer, batteries, and other electronic parts to provide critical 
temperature data required to keep the Li-Ion battery in the optimum condition during the charging cycle.

� Voltage Sensors

� Monitors voltage data of various electronics. Low voltage may signal a potential issue, while other components may be in danger 
when voltage is excessive.
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Control and Navigation
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Screen

Front Lights

Hazcams Lidar Module

Main Electronics Module



Control and Navigation
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Slide Lights 

and Hazcam

Rear Lights 

and Hazcam

Deck Space for 

the BioBot

Payload on 

each side

Main Electronics and 

Battery Module

Screen Visuals 

and Controls

Fault Protection
� The following Fault Protection Checks will be included in ROCI·s Flight Software (Detailed Triggers

and Responses are in the Backup Slides)

� Slope Stability Fault

� High Battery Depth of Discharge

� CPU Fault or Reset

� Camera Failure in Autonomous Mode

� IRU Failure in Autonomous Mode

� Camera Failure in Manned or Emergency Mode

� IRU Failure in Manned or Emergency Mode

� Excessive Speed in an Obstacle Filled Area

� Excessive Acceleration

� Turn Limit Fault

� Note: All Fault Triggers and EVA Crew Overrides will be logged for later fault diagnostic purposes
along with recordings of all rover telemetry.
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Communications

� Ultra-High frequency antenna

� With operating frequency of 400 Megahertz, it will use the orbiter to relay messages

from Moon to Earth.

� Transmission rates of up to 2 megabits per second on the rover-to-orbiter relay link.

� X-band High gain Antenna

� Steerable long range antenna which will be used to transmit and receive data.

� Will transmit data when the rover is stopped since constant orientation of high gain

antenna might not be the most feasible.

� X-band Low gain Antenna

� Will primarily be used to receive data at low rates
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Crew Systems
� To accommodate the crew:

� Two seats are provided

� The secondary seat is folded down to accommodate the payload module.

� Both seats will use a 6 point harness to secure the EVA Crew

� The harness will allow for easy removal if the EVA Crew needs to egress.

� A 4 wheel configuration was selected to allow the EVA Driver to enter the rover from either side of the rover 
without having to climb over a wheel.

� Lights will be added to the vehicle to illuminate the area around the rover for the EVA Crew.

� L1-17 Rover shall be capable of operating in any portion of the day/night cycle.

� Fault Protection code in the ROCI·s computer will prevent the rover from exceeding stability 
limits.

� This will satisfy the following requirements:

� L1-9: Rover design will accommodate roll-over protection and all required ingress/egress aids and crew restraints
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Crew Systems: Seat Harness
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Six Point Harness [5]

Earth Testing Considerations

� Drive and Steering Motors will need to be resized

� With the increase in weight due to Earth·s Gravity
� Drive Motors

� Tractive Force will increase which will increase the required torque for the driver motors

� Motor Speed will remain the same

� Motor Gearing will need to be re-evaluated depending on increases in motor mass.

� Steering Motors

� Required steering torque will increase due to increased weight on wheels

� Motor Speed requirements will remain the same

� Chassis

� Chassis analysis was performed in Earth Gravity and does not need to be resized.
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Future Work
� Review weight on wheels determination method to improve weight distribution

estimates and methods

� Perform a Thermal Analysis and Study to size survival and operational heaters

� Research Command and Data Handling components to size processors and recorders
required for operations.

� Develop Flight Software Code for:

� All Rover Modes

� Navigation

� Fault Protection

� Create link budgets for Communications and size Communications components

� Further Develop the Modular Wheel Concept
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Conclusion

� In its current design iteration, ROCI will be able to handle the

design mobility requirements.

� The overall design will accommodate EVA Crew and Cargo

� The rover will be able to handle a second EVA Crew in an emergency

� The wheels will provide sufficient tractive force for terrain requirements.

� Motors are sized for all needed torques and speeds.

� The power system is sized to provide required sortie ranges and durations.

� The rover has sufficient stability and crew systems for EVA Crew Safety
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Terramechanics and Wheel Study
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Terramechanics and Wheel Study
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Terramechanics and Wheel Study
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Front Wheels Back Wheels
Slope Normal Force on 

per Wheel (N)

Wheel Thrust 

per Wheel (N)

Tractive Force 

per Wheel (N)

Normal Force on 

per Wheel (N)

Wheel Thrust 

per Wheel (N)

Tractive Force 

per Wheel (N)

Configuration 15 99.3 26.6 69.1 96.9 26.0 67.2

Dry Mass -10 132.4 23.3 92.6 67.7 11.9 44.4

20 117.3 42.7 85.4* 264.5 96.3 206.8*

Nominal -20 203.4 74.0 155.6* 178.3 64.9 134.9*

20 159.7 58.1 119.6* 290.8 105.8 229.1*

Emergency ** -20 254.7 92.7 198.6* 195.6 71.2 149.3*

* Note: Supports Requirement L1-4

** Note: Supports Requirement L1-8

Terramechanics and Wheel Design
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Terramechanics and Wheel Design: 

Climbing
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Terramechanics and Wheel Design: 

Climbing
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Terramechanics and Wheel Design: 

Climbing
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Configuration Individual Front Wheel 

Normal Force

Individual Back Wheel 

Normal Force

Individual Back Wheel 

Moment at 0.3 m

Individual Back Wheel 

Moment at 0 m

Dry 96.1 134.5 231.9 243.8

Nominal 192.1 269.0 324.0 341.3

Emergency 226.7 317.4 423.1 441.0

Terramechanics and Wheel Design
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Stability: Turning
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Stability: Turning
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Stability: Acceleration
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Stability: Deceleration
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Drive Gearing Trade Study
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Drive Gearing Trade Study
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Power: Equations
� Power Profile (Wh) = (Dry Load * Dry Load Time) + (Nom Load * Nom Load *

Time) + ( Emergency Load * Emergency Load Time) + (HK Load * HK Load Time)

� Time to recharge (h) = (Power Profile / (Eff Battery to Loads * Eff Solar Array to
Battery)) / (Solar Array Power - (HK Load / Eff Solar Array to Load)

� Solar Array Power = (Solar Array Area * Array W per m^2) * Loss

� Loss = Sun Intensity * Panel Packing Factor * Measurement Uncertainty * Shadow
Loss * (1 - Temperature Power Loss) * cos(Sun Incident Angle)

� Battery Capacity Used (Wh) = Power Profile / Eff Battery to Load

Note: Equations and Constants were acquired from ENAE 691 Power System Slides
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Power: Constants
� Efficiency of Battery to Load: 0.84

� Efficiency of SA to Battery: 0.86

� Efficiency of SA to Load: 0.9

� Sun Int: 0.9675 (Minimum Intensity at Solar Equinox

� Panel Packing Factor: 0.85

� Measurement Uncertainty: 0.95

� Shadow Loss: 0.99

� Triple Junction GaAs Cells

� Watts per m^2: 399.1 w/m^2

� Temperature Power Loss: 0.295
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Rover Modes
� Deployment

� Initial Mode for the Rover when the CLIPS Lander has successfully landed. The mode
will handle autonomous deployment from the CLIPS Lander

� When the CLIPS Lander has confirmed landing and deployed the disembarkment
ramp, ROCI will:

1. Power Up

2. Perform a diagnostics check

3. Establish Communications

4. Confirm via Nav and Haz Cameras that the ramp is deployed

5. Release restraints from the CLIPS Lander

6. Exit the CLIPS Lander via the Disembarkment Ramp

7. Park a short distance to allow the second ROCI rover to exit the CLIPS Lander

8. Await instructions from Mission Operations
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Rover Modes
� Autonomous Mode

� The Rover will act autonomously based on instructions received from either
Astronauts or Mission Operations.

� This mode has two sub-modes:

� Solo

� In Solo mode:

� ROCI will operate based on instructions from either Mission Operations or remote 
Astronauts

� Navigation will be performed via Lidar, NavCams and HazCams

� In Assist mode:

� ROCI will operate under the command of the astronaut that is piloting it while the 
astronaut is disembarked from the Rover
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Rover Modes
� Manned Mode

� ROCI will operate under the control of the embarked Astronaut piloting it.

� Lidar, NavCams, and HazCams will provide driver assists for the Astronaut

� Emergency Transport Mode

� ROCI will operate under the control of the embarked Astronaut piloting it.

� Solar Array Battery Charge Control is disabled due to solar array removal.

� Safe Mode

� If Fault Protection detects a fault or directly commanded, ROCI will enter SAFE Mode.

� All rover operations will cease and ROCI will remain stationary

� Rover will prioritize recharging the battery.

� Fault telemetry will be sent to both the Astronauts and Mission Operations.

� Park

� The rover will slow down to a stop when entering this mode.

� ROCI will maintain housekeeping loads only and direct remaining gathered electrical power from either the solar array or base
umbilical power to charge control.
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Fault Protection
� Slope Stability Fault:

� Fault Trigger: Rover is on a slopes in excess of 40 degrees up slope or -55 degrees down slope

� Response: Enter Park Mode

� This will partially satisfy the following requirement:

� L1-9: The Rover will incorporate roll-over protection for the crew and all required ingress/egress 
aids and crew restraints.

� High Battery Depth of Discharge

� Fault Trigger: Depth of Discharge exceeds 90%

� Response: Enter Park Mode to stop then enter Safe Mode

� CPU Fault or Reset

� Fault Trigger: CPU Fault or Reset

� Response: Enter Safe Mode
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Fault Protection
� Camera Failure in Autonomous Mode:

� Fault Trigger: Camera failure in Autonomous Mode

� Response: Enter Park Mode to stop then enter Safe Mode

� IRU Failure in Autonomous Mode:

� Fault Trigger: IRU Failure

� Response: Enter Safe Mode

� Camera Failure in Manned or Emergency Mode:

� Fault Trigger: Camera failure in Manned or Emergency Mode

� Response: Notify the Astronaut of the Camera Failure and advice Him/Her/They to enter Park Mode and 
Investigate the Failure

� IRU Failure in Manned or Emergency Mode:

� Fault Trigger: IRU Failure

� Response: Notify the Astronaut of the Camera Failure and advice Him/Her/They to enter Park Mode and 
Investigate the Failure
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Fault Protection
� Excessive Speed in an Obstacle Filled Area:

� Fault Trigger: The Rover speed exceeds 1.5 m/s (Dry Configuration) or 1.7 m/s (Nominal or Emergency
Configuration) with obstacles present

� Response: The Rover will slow down to 1.4 m/s (Dry Configuration), or 1.6 m/s (Nominal or Emergency
Configuration) until clear of obstacles. EVA Crew can override.

� This will partially satisfy the following requirement:

� L1-9: The Rover will incorporate roll-over protection for the crew and all required ingress/egress aids and crew 
restraints.

� Excessive Acceleration:

� Trigger: Acceleration exceeds 1.3 m/s^2 (0.2 m/s^2 from the acceleration stability limit)

� Response: Acceleration will be capped at 1.3 m/s^2. The EVA Crew can override.

� Turning Limit Fault:

� Trigger: The Rover is getting within 0.2 m of a turning limit.

� Response: Prevent further reduction in turning radius.

� Note: All Fault Triggers and EVA Crew Overrides will be logged.
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Overview
• Requirements and Objectives
• Concepts Explored
• Design Overview
• Terramechanics and Motor Design
• Steering
• Suspension System
• Stability and Braking
• Structural Design Details
• Sensors and Navigation
• Operations
• Power and Mass Budget
• Earth Analog Considerations
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Mission Statement
• Perform a detailed design of a BioBot rover, emphasizing mobility

systems
– Chassis systems (e.g., wheels, steering, suspension…)
– Support systems (e.g., energy storage)
– Navigation and guidance system (e.g., sensors, algorithms)

• Design for Moon, then assess feasibility for Earth analog and Mars
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Level 1 Requirements
ID Requirement
M1 Rover shall have a maximum operating speed of at least 4 m/sec on level, flat terrain.
M2 Rover shall be designed to accommodate a 0.3 meter obstacle at minimal velocity.
M3 Rover shall be designed to accommodate a 0.1 m obstacle at a velocity of 2.5 m/sec.
M4 Rover shall be designed to safely accommodate a 20° slope in any direction at a speed of at 

least 1 m/sec and including the ability to start and stop.
M5 The rover shall have a nominal sortie range of 54 km at an average speed of 2.5 m/sec.
M6 Rover shall be capable of carrying one 170 kg EVA crew and 80 kg of assorted payload in 

nominal conditions.
M7 Payload may be modeled as a 0.25 m3 box.
M8 Rover shall be capable of also carrying a second 170 kg EVA crew in a contingency 

situation. Payload may be jettisoned if design permits.

4



Space Systems Laboratory
Dept. of Aerospace Engineering

U N I V E R S I T Y  O F
MARYLAND

Level 1 Requirements (Cont.)
ID Requirement
M9 Rover design shall incorporate roll-over protection for the crew and all required 

ingress/egress aids and crew restraints.
M10 A nominal sortie shall be at least eight hours long.
M11 Two rovers must be launched on a single CLPS lander.
M12 A single rover shall mass ≤250 kg.
M13 Rovers shall be developed in time to be used on the first Artemis landing mission.
M14 Rover shall be capable of operating indefinitely without crew present.
M15 Rover shall be capable of being controlled directly, remotely, or automated.
M16 Rover shall be capable of following an astronaut, following an astronaut’s path, or 

autonomous path planning between waypoints
M17 Rover shall be capable of operating during any portion of the lunar day/night cycle and at 

any latitude.
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Baseball Card
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Render
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Design Overview
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Design Overview – All 0°
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Design Overview – All 45°
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Design Overview – Obstacle Compensation
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Design Overview – Pitch Control
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Design Overview – Roll Control
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Launch Configuration CAD
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Credit: Astrobotic – Official Griffin Lander

(Picture linked)
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Terramechanics
• Trades

– Drawbar Pull (DBP) vs Wheel Diameter vs Wheel Width
– Grousers vs No-Grousers
– Power vs Wheel Diameter vs Wheel Width
– Torque vs Wheel Diameter vs Wheel Width
– Number of Wheels vs Wheel Diameter vs Wheel Width

• Wheels
– Diameter varying from 0.6 to 1 m
– Width varying from 0.1 to 0.5 m
– 4- and 6-wheel configuration

• Case Study Parameters
– Flat terrain at 4 m/s velocity
– 20° slope at 1 m/s velocity (required)
– 30° slope at 1 m/s velocity (desired)
– Rover mass of 670 kg
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Wheel Sizing Rationale
• Minimum wheel size examined 0.6m due to 0.3m maximum

obstruction height for crawl
– Places us within ~20-40” off-road wheels for ATV’s or Jeeps for Earth

analogue
• Assuming grouser height of ~5cm, positive DP is viable with diameters greater

than 0.65 m at ~2-5” widths (0.05 and 0.1 m lines in plots below)
– Number of grousers determined by the min/max grouser number formulas for

each diameter
– Motor requirements generated from these
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4 Wheels, Slip = 0.5 Terramechanics Analysis (20 deg)
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4 Wheels, Slip = 0.5 Terramechanics Analysis (30 deg)
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6 Wheels, Slip = 0.5 Terramechanics Analysis
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6 Wheels, 4 Driven, Slip = 0.5 Terramechanics Analysis
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Drawbar Pull vs Slip

Grousers comparison, 30° incline, 0.05 m to 0.1 m width

- grousers

- no grousers
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Grouser Height Trade Study

22

• Wheel sizing
was selected
from wheel sizing
trade studies

• Wheel Diameter =
0.8 m

• Wheel Width =
0.055 m

• 4 Wheel
Configuration

• 30 degree slope
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Terramechanics Conclusions
• Grousers are required to navigate slopes in all configurations
• Non-driven wheels are highly detrimental to drawbar pull

and system mass
• 4-wheel configuration chosen to reduce system mass since positive

drawbar pull is achievable
• 0.8 m wheel chosen to avoid wall-climbing scenario when managing

0.3 m obstacles
• 0.8 m diameter wheel has positive drawbar pull for 0.05 to 0.075 m

width wheels with grousers on a 30 degree slope and up to 0.175 m
width for a 20 degree slope
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Terramechanics Conclusions (Cont.)
• 232.7 N drawbar pull margin on a 20 degree slope
• 61.2 N drawbar pull margin on a 30 degree slope
• 26 grousers, 5 cm long chosen as a compromise between additional

drawbar pull and having long and impractical grousers
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Torque and Power Trade Studies
• Average required torque and power per wheel for various diameters and widths
• Minimum required plots defined as values required to achieve 0 drawbar pull

(just enough to overcome resistive forces)
– Grousers vs no grousers comparison does not impact this analysis
– Flat terrain vs slope comparison conducted

• Maximum required plots defined as values required to achieve maximum
possible tractive force (lunar drag racing)
– Grousers vs no grousers comparison conducted
– Flat terrain vs slope comparison does not impact this analysis

• Linear speeds used for power graphs are 4 m/s on flat terrain and 1 m/s on
slope
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Average Required Torque Per Wheel
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Average Required Power Per Wheel
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Torque and Power Trade Studies Conclusions
• Optimal wheel size for torque and power are disimilar and vary

based on the slope
• Required torque and power significantly reduced by grousers
• Torque and power requirements could be decreased slightly

for higher wheel widths, but would reduce the drawbar pull
margin (especially on slopes)
– For most situations analyzed, benefit would be less than 5 N-m in torque and

20-30 W in power before negative drawbar pull achieved
– Chose to keep wheel design parameters from the terramechanics analysis

for the drawbar pull margin benefits in exchange for the slight increase in
torque and power
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Motor Requirements vs. Wheel Diameter (Lunar)

Diameter (m) Required RPM at hub Required Torque at hub (Nm)

0.6 127 74

0.7 109 83

0.8 95 93

0.9 85 103

1 76 112

4 wheel config., 30 degree slope, 1 m/s, wheel width = 0.055 m
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Motor Trade Study
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Type Advantages Disadvantages

Brushless DC - Long lifespan
- Low maintenance
- High efficiency
- Mechanically simple

- Higher cost
- Requires motor controller

Brushed DC - Low cost
- Easy to control

- High maintenance
- Reduced lifespan
- Lower efficiency
- Sparking

AC Induction - High reliability
- Low cost
- Commonly sold with paired differentials

- Requires AC power supply
- High voltage (480V+ generally)
- Lower efficiency

AC Synchronous - Constant speed under load - Requires AC power supply
- Speed dependent on AC frequency

Stepper - High holding torque
- Precise

- High cost
- Requires motor controller
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Motor Trade Study Conclusions
• Lots of AC motors fit our requirements, but AC would require

significant (high-voltage) power considerations and an inverter
• Brushless DC motor selected for long lifespan and low maintenance
• Integrated motor-planetary gearbox motors were higher mass and

volume than using harmonic drive
• Harmonic drive input rpm limits would not allow for wheel diameters

smaller than 0.7m at rated torque for Earth-analogue
• Harmonic drive selected as motor gearbox for its lower mass and

size, despite not being transferrable to Earth-analogue
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Motor Selection
From requirements of a 0.8m wheel:

– 93 Nm achieved after 50:1 GR harmonic requires motor to have 1.9 Nm stall torque
– 95 rpm after 50:1 GR requires motor no-load speed to be over 4750 rpm

32

Kollmorgen RBE-02112 
– Continuous stall torque = 2.4 Nm
– No-load speed = 5100 rpm
– Small form-factor, frameless for wheel-

hub integration
– Lightweight @1.83 kg combined with

harmonic
With 50:1 harmonic drive:

– CSG-25-50
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Steering Trade Study
• Steering considerations for this system were mainly driven by

three main requirements
– Astronaut unlikely to walk in nice arcing paths
– Areas of interest are in rough terrain
– Need to always stay within range (10 m) of astronaut

• Five steering conventions (Ackermann, skid, trailer, differential, and
independent) were considered

33
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Steering Trade Study (Cont.)
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Type Description Advantages Disadvantages

Skid-Steer - Uses different wheel rotation 
rates to induce turning

- Low mass
- Low complexity

- High power consumption
- Can only drive straight or rotate 
in place/arcs

Differential Drive 
(Swiveling 
Wheels)

- Same as skid-steer but front or 
back wheels are free-spinning

- Low mass
- Low complexity
- Lower power consumption compared to 
skid-steer

- Cannot drive all wheels 
effectively so cannot get required 
drawbar pull

Trailer - One set of wheels rotates around 
the central point of the axle

- Reduced power consumption
- Low mass
- Low complexity

- Power inefficiencies in rear 
wheels
- Requires large unobstructed 
range of motion for wheel axle

Ackermann - One or both set of wheels turn in 
place and at different angles

- Lower steering power requirements 
compaired to trailer steering
- Crawling capability with both sets of 
wheels steered

- Higher complexity
- Increased mass

Independent - Each wheel controlled separately - Full range of motion
- Low steering power requirements

- Significant mass
- Very high complexity
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Steering System: Concepts Explored

Ackermann-inspired independent steering 
system
• Independent rack-and-pinion/linear

actuator steering of front and rear
wheels

• Higher mobility through independent
vectoring of wheels at slight cost of
more required actuators (enables
diagonal crawl shown below)
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Steering System : Concepts Explored (Cont.)
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Steering System Design
• Ackermann-based steering was deemed infeasible due to steering

rack/motor limiting designs in mass and volumetric considerations
(i.e. obstacle clearing)

• Conflicts with the desired active suspension (described in the next
section), which was deemed to be more beneficial

• Independent steering too massive
• Skid steering selected to minimize weight and to avoid conflict with

the active suspension design
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Steering Power Requirements
• Requirement: minimum 20 deg/s turn rate selected to ensure good

astronaut following
• Power Required: 109 W
• Turning Radius: 1.25 m
• Extra drawbar pull and motor power margin saved for skid-steer
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Suspension
• Requirements

– Must be able mount linear actuators and pass loads into spring-
damper system

– Must mount rigidly to rover frame, and not interfere with
astronaut’s nominal operations

• Goals:
– Independent control of pitch and roll of rover chassis for aid in hill

climbing
– Individual wheel positioning control
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Suspension: Concepts Explored (Mobility Focus)
Articulated bogey
• Passive pitch
• Active roll control

– Variable body clearance
• Lower COM when navigating smooth terrain, large slopes
• Increase body clearance when navigating rough terrain with obstacles

– Raise one set of wheels while lowering the other, allowing rover to stay vertical while
navigating parallel to slopes

• Inspired by SCARAB
• According to their paper, maintaining a vertical orientation lowers downhill slip when compared 

to keeping rover perpendicular to ground
– Further analysis will show valid range of possibilities as motor, suspension, and steering

designs become more formal

Wettergreen et al. “Design and Experimentation 
of a Rover Concept for Lunar Crater Resource 
Survey”, CMU, 2009.
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Suspension: Concepts Explored

• Need some form of passive vibration
damping for astronauts or robotic payloads

• Aligning suspension system mount with the
axis of wheel rotation will allow for
simplified turning

• Tune-able (manual/electronic) shock
absorbers can be easily accessed

• Adjusting relative location of upper point
allows for raising and lowering of chassis

• Possible integration with active suspension

41

Space Systems Laboratory
Dept. of Aerospace Engineering

U N I V E R S I T Y  O F
MARYLAND

Suspension Trade Study
Type Description Advantages Disadvantages Sub-Types

Rigid - No suspension - Very low mass
- Very low complexity

- Extremely rough on 
astronauts
- Poor weight transfer

Independent - All wheels can move 
independently

- High weight tranfer
- Effective at reducing body motion

- Higher mass
- Medium complexity

- Macpherson Strut
- Double Wishbone

Rocker/Bogie/
Rocker-Bogie

- Wheels on each side 
constrained by rotating 
connection beams such that 
they can move independently 
while still distributing weight

- Effective at reducing body motion
- High weight transfer
- Less likely to tip (compared to 
springs)
- Can clear obstacles up to 2x wheel
diameter

- Not as effective at high 
speeds (shock from 
obstacles)

Articulated/ 
Segmented

- Half of the rover moves with 
the corresponding wheels

- Good weight transfer for mass - Large body motion
- Not good for sitting on
- Rough on astronauts

Dependent - Movement on one side 
affects movement on the 
other

- Less complex
- Low mass

- Rough on astronauts - Leaf Spring
- Watt's Linkage
- Live Axle

Active - Wheel height and weight 
distribution is controlled 
electronically

- Wide range of control
- Capable of high performance

- Computationally intensive
- Time delay before reaction
- Very high mass and 
complexity

- Electromagnetic
- Hydraulic
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Suspension Trade Study Conclusions
• Rigid, articulated, segmented, and dependent steering are too rough

for astronauts to ride (as seen in results from RAVEN)
• Rocker/bogie/rocker-bogie system does not function well at

the speeds required as it was designed for slow-speed operation
• Segmented suspension would require additional wheels (and

therefore high mass)
• Articulated suspension would be very difficult for a ridable rover

(unbalanced and poor astronaut placement)
• Active suspension would likely be too rough by itself due to time

delays, but is useful in the ability to control wheel position
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Suspension Design
Active suspension will be used with passive independent suspension 
to enable control over wheel position
• Allows for keeping rover flat while navigating slopes/obstacles

– Better stability performance
– Ability to control CG (required for better performance with moving robotic

umbilical arm swinging CG around)
– Can significantly reduce stability dependence on CG height – decoupled in

ideal case (useful for large robotic umbilical arm shifting CG up)
• Drastically reduces high-centering (can lift rover up from obstacles if

it gets stuck)
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Passive Suspension Dynamics
Parameter Value

Spring Constant - k 2400 N/m

Damping Coefficient - c 1200 Ns/m

Damping Ratio 0.9969

Oscillation Frequency 0.05 Hz

Deflection distance 
(linear)

0.1 m
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https://spacecraft.ssl.umd.edu/acade
mics/788XF20/788XF20L16.climbingx
.pdf

• Torsional springs would be used for compactness
• Analysis done with linear equivalent spring
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Stability: Initial Rover Footprint Sizing
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Minimum size
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Stability: Initial Rover Footprint Sizing
• 2-meter rover length chosen as

having acceptable stopping times
• 0.4m stopping distance at 1m/s
• 6m stopping distance at max speed

– Long distance, but rover will only be at
max speed on smooth, even terrain

– Tested in simulation to be a decent
stopping distance for open terrain

47

Stopping Acceleration: ~2m/s2

Space Systems Laboratory
Dept. of Aerospace Engineering

U N I V E R S I T Y  O F
MARYLAND

Stability: Initial Rover Footprint Sizing
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For CG height = 0.75m, 
Rover width = 1.5m

• Conducted turning stability analysis over
several rover widths

• Not much information was gleaned from
doing this turning circle analysis, at least
as far as iterating design

• Chose 1.5m rover width, mostly using the
roll stability on slope analysis

• Lesson learned: speed while turning or
turn radius must be limited to avoid
flipping (in all cases)
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Active Suspension: Fore/Aft Slope
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Active Suspension: Cross Slope
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High-Centering on Flat Terrain
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Body Clearance: 1.1m Body Clearance: 0.4m
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High-Centering on 30 deg Slope
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Body Clearance: 0.4m

Back wheel angle: -35 deg, Front wheel angle: -35 deg

Body Clearance: 0.97m (At stability limit)
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Acceleration/Deceleration Along Slopes
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Max acceleration up 30° slope: 0.73 m/s2

Max acceleration down 30° slope: 1.88 m/s2
Max deceleration up 30° slope: 2.29 m/s2

Max deceleration down 30° slope: 0.32 m/s2
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Active Suspension: Stopping Time Benefits
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2x faster!
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Stability Conclusions
• Active suspension has many benefits over inactive suspension

– Huge roll stability increase
– Avoids high-centering problems, since body clearance can be adjusted
– Variable configuration can adapt to situation to provide higher stability

• Lower CG when body clearance is not necessary
• Keep body level on slopes to ignore CG height

• Acceleration on slopes is generally lower on slopes in displayed configurations,
but a layout that favors acceleration can be used

• Capabilities can be expanded much further if more intelligent software and
control loops are implemented
– “Lean” into turns for tighter turning circles at higher speeds
– Actively manage wheel weight distribution by adjusting wheel placement when navigating

obstacles
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Stability Summary
• Mass

– Unloaded: 226.6 kg (10% margin)
– Loaded: 646.6 kg

• CG
– (0, 0, 0) defined as front right corner of

chassis on the ground
– Unloaded (x, y, z): (1.09, 0.79, 0.55) m
– Loaded (x, y, z): (1.04, 0.78, 0.77) m
– Critical Roll: 45 degrees
– Critical Pitch: 53 degrees
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Stability Summary (Cont.)
Chassis Parallel to Ground
• Maximum Deceleration

– Flat terrain (4 m/s): -2.08 m/s2

– Down 30 degree slope: -1.02 m/s2

• Stopping Distance
– Flat terrain (4 m/s): 3.85 m
– Down 30 degree slope (1 m/s): 0.49 m

• Stopping Time
– Flat terrain (4 m/s): 1.92 s
– Down 30 degree slope (1 m/s): 0.98 s

57

Chassis Kept Level
• Maximum Deceleration

– Flat terrain (4 m/s): -2 m/s2

– Down 30 degree slope (1 m/s): -0.32 m/s2

• Stopping Distance
– Flat terrain (4 m/s): 4.0 m
– Down 30 degree slope (1 m/s): 1.56 m

• Stopping Time
– Flat terrain (4 m/s): 2.0 s
– Down 30 degree slope (1 m/s): 3.13 s
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Unloaded Rover
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Fully Loaded Rover
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Weight Transfer Over Obstacles
• Assumptions

– Spring length (linear equivalent, unstretched) = 0.5 m
– Spring constant (linear equivalent) = 2400 N/m
– CG located 0.6 m above geometric center

• Example cases are shown covering range of potential extremes
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Weight Transfer Over Obstacles
Obstacle (cm) Force on Wheel 1 

(RF) (N)
Force on Wheel 2 
(RB) (N)

Force on Wheel 3 
(LF) (N)

Force on Wheel 4 
(LB) (N)

Nominal (0) 203 203 203 203
RF: 30 355 14 31 410
RF: 10 253 140 145 272
RF: -30 48 389 373 0
RF: -10 152 265 260 133
RF: 30, RB: 30 166 166 239 239
RF: 30, RB: -10 381 0 0 429
RF: 30, LF: 30 183 222 183 222
RF: 30, LF: -10 375 0 0 435
RF: 30, LB: 10 387 0 0 423
RF: 30, LB: -10 285 71 94 360
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Weight Transfer Over Obstacles (Contingency)
Obstacle (cm) Force on Wheel 1 

(RF) (N)
Force on Wheel 2 
(RB) (N)

Force on Wheel 3 
(LF) (N)

Force on Wheel 4 
(LB) (N)

Nominal (0) 271 271 271 271
RF: 30 413 80 103 490
RF: 10 319 207 215 344
RF: -30 130 463 440 53
RF: -10 224 335 327 199
RF: 30, RB: 30 220 220 322 322
RF: 30, RB: -10 477 32 30 546
RF: 30, LF: 30 245 298 245 298
RF: 30, LF: -10 469 7 56 554
RF: 30, LB: 10 486 24 39 537
RF: 30, LB: -10 340 136 167 443

62

Space Systems Laboratory
Dept. of Aerospace Engineering

U N I V E R S I T Y  O F
MARYLAND

Wheel Arm Calculations
• Most likely failure mode: bending with wheel arms at

minimum chassis height
• Cylinder of 2219 Aluminum selected

– Cylinder for strength to weight
– 2219 Aluminum used for LRV

• Size selected: radius of 1.5" (38.1 mm), wall thickness
of 1/8" (3.175 mm) - easy to procure

• Factor of safety (yield): 4.5
• Deflection: 1.6 mm
• Chose to have stronger than required to have low

deflection and in anticipation of other loading scenarios
(impacts, launch, etc.), which were not analyzed
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Chassis Analysis
• Chassis design was inspired by combining both spaceframe and

backbone styles
– Spaceframe considerations allowed for mass-efficient inclusion of larger

volumetric areas for payload
– Backbone inspiration provided battery protection, and mid-section rigidity

• Chassis requirements for this project included:
– Contain dedicated volume for payload
– Roll cage inclusion
– Support considerations for suspension and wheel support mounting
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Chassis CAD
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Design Details - CAD
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Wheel-Motor Details - CAD
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Wheel-Motor Details - CAD
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Components left to right:
1. Moon wheel
2. Interface plate
3. Hub attachment 5/16-18 bolts

4. Harmonic balancing bearing
5. CSG-25-50-2A-GR Harmonic Drive

6. Actuator Housing 1
7. Actuator Housing 10-24 bolts
8. Kollmorgen RBE 02112

9. Example encoder
10.Actuator Housing 2
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Wheel Suspension - CAD
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1. Damper

2. Suspension lever
3. Torsional spring in middle pivot (not in 

view)
4. Linear actuator
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Sensors

• Terrain Mapping Sensors
– Stereo cameras
– Flash LIDAR (scanning LIDAR

if unable to procure)
– Hazcams

• Positional Sensors
– Continuous motor encoders
– IMUs
– GPS (Earth analogue only)

• Astronaut Tracking
– Stereo cameras

• Visual tag (i.e. AprilTags)
• Motion tracking (while rover is

stationary)
– Radio tags and tracking, dual

antenna, or phased array antenna
– Log of astronaut position
– Umbilical encoders (NIAC only)
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Sensors - Position Determination
• Dead reckoning utilizing position logging and motor encoders
• Used as a rough estimate of position
• Position further refined by IMU and position relative to obstacles

with terrain mapping
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Mapping
• Rover will have a (limited) terrain mapping capability
• Utilize distinct obstacles to keep track of relative position and to

better navigate (especially in tracking mode)
• Map only stored while rover is still in the same area to reduce

computational requirements (as astronaut tracking will require a
significant portion of computational resources)

• Only required features stored (large obstacles, short-term astronaut
path, etc)
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Navigation
• IMUs, encoders, etc. to generate rover position in reference frame

(base station as reference location)
• Astronaut tracking sensors to log astronaut position
• Terrain mapping (limited)
• Modified Lifelong Planning A* search algorithm

– Advantage over A* when visualization is not complete (i.e. impassible terrain
obscured)

– Modification: In many cases, able to use the path the astronaut took
• Decreased computational requirements
• Rover stays closer to astronaut (needs to stay within umbilical range)
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Control Diagram
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Operations Diagram
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Operations Diagram – Autonomous
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Operations Diagram – Tracking
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Power System Breakdown
System Power Specifications

Motors (per each) 285 W @ 24 V for 2.5 m/s flat (0.85% efficiency 
assumed)
568 W @ 24 V for peak draw (from sample motor)

LIDAR 5-10 W

Cameras (per each) ~ 2 W

Computer System 15 - 30 W

Transmitter/Receiver 15 W

Life Support 50 W

Total Capacity (assuming 6 hours of driving for 54 
km requirement)

~ 8000 Wh
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Batteries
• For 54 km operation at 2.5 m/s, need 8 kWhrs of battery capacity for

a single sortie
• For 30% margin and 90% discharge efficiency, need 10.5 kWhrs
• 10.5 kWhr requires around 65 kg based on mass estimation (Li-ion)

– 175 Wh/kg energy density
– 300 Wh/L volume density

• Note: likely overestimate due to conservative nature of
terramechanics analysis
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Batteries (continued)
• 6 hours of driving on an 8 hour EVA unlikely based on Apollo data
• Apollo data shows approximately 40% of time spent driving
• This changes requirement to 5 kWhrs, or 6.5 kWhrs with 30%

margin and 90% discharge efficiency
• Required mass: ~ 40 kg based on mass estimation relation
• LRV had approximately 8.7 kWhrs, although had a higher margin

(https://nssdc.gsfc.nasa.gov/planetary/lunar/apollo_lrv.html)
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Brief Mass Budget
Link to Detailed Mass Budget Mass (kg) Number Total (kg)
Mobility System
Wheels/Wheel Peripherals 10.78 4 43.12
Motors 0.51 4 2.04
Gearbox 0.42 4 1.68
Suspension 5.96 4 23.82
Other
Structure 50 1 50
LIDAR 0.15 1 0.15
Cameras 0.4 6 2.4
Batteries 65 1 65
Computer System 0.5 3 1.5
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Total rover empty mass: 226.64 kg -> 10.3% margin

Space Systems Laboratory
Dept. of Aerospace Engineering

U N I V E R S I T Y  O F
MARYLAND

Earth Analog
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4 Wheels, Slip = 0.5 Earth Terramechanics Analysis

83

Space Systems Laboratory
Dept. of Aerospace Engineering

U N I V E R S I T Y  O F
MARYLAND

Earth Average Required Torque Per Wheel, s = 0.5
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Earth Average Required Power Per Wheel, s = 0.5
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Earth Terramechanics Conclusions
• According to the terramechanics analysis, we need more torque and

power than small car, which is likely incorrect
• Approximations are much less accurate than on the Moon

– Terrain is much less uniform than on the Moon (sand, soil, rock, grass, etc.)
– Approximations used in the terramechanics analysis are more applicable to

the Moon than Earth
– Terrain that is most likely to be encountered will probably have different

properties than was assumed in the analysis
• Might need internal combustion to achieve design requirements for

Earth analog, or very short run times for electric motors
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Questions?
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Modified, credit for original 
cartoon: poorlydrawnlines.com
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Appendix
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All the places we can go…
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Ackermann Steering System Concept
• Benefits over "traditional" independent steering

– Higher freedom in placing of steering motors to control CG
– Larger moment arms to drive steering actuators with reduced power
– Flexibility to use different systems for steering (linear actuators, rack-and-

pinion, etc) instead of being directly controlled by motors
• Drawbacks of higher complexity and mass deemed less important

than the risk of putting strain on life support umbilical with a less
mobile rover trying to navigate rough terrain
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Drive System Design: Concepts Explored
Out-board motors vs in-board motors and driveshaft
• Do not want out-board motors to stick out beyond wheel width,

hindering operations over rough terrain
• Motors housed in the wheel-hub for independent wheel drive

were considered for harmonic drive motors, but planetary gear
motors were too long

• Difficult to find high-torque motor and gears that were space-
efficient

• In-board motors would require complicated power transmission
design with active suspension system
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Motor Stats
• RBE-02112
• 50:1 Harmonic
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Lunar Terramechanics Graphs
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4 Wheels, Slip = 0.2 Terramechanics Analysis
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4 Wheels, Slip = 0.25 Terramechanics Analysis
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4 Wheels, Slip = 0.3 Terramechanics Analysis
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4 Wheels, Slip = 0.35 Terramechanics Analysis
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4 Wheels, Slip = 0.4 Terramechanics Analysis
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4 Wheels, Slip = 0.45 Terramechanics Analysis
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4 Wheels, Slip = 0.5 Terramechanics Analysis
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6 Wheels, Slip = 0.2 Terramechanics Analysis
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6 Wheels, Slip = 0.25 Terramechanics Analysis
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6 Wheels, Slip = 0.3 Terramechanics Analysis
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6 Wheels, Slip = 0.35 Terramechanics Analysis
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6 Wheels, Slip = 0.4 Terramechanics Analysis
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6 Wheels, Slip = 0.45 Terramechanics Analysis
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6 Wheels, Slip = 0.5 Terramechanics Analysis
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6 Wheels, 4 Driven, Slip = 0.2 Terramechanics Analysis
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6 Wheels, 4 Driven, Slip = 0.25 Terramechanics Analysis
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6 Wheels, 4 Driven, Slip = 0.3 Terramechanics Analysis
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6 Wheels, 4 Driven, Slip = 0.35 Terramechanics Analysis
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6 Wheels, 4 Driven, Slip = 0.4 Terramechanics Analysis
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6 Wheels, 4 Driven, Slip = 0.45 Terramechanics Analysis
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6 Wheels, 4 Driven, Slip = 0.5 Terramechanics Analysis
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Earth Terramechanics Graphs
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4 Wheels, Slip = 0.2 Earth Terramechanics Analysis
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4 Wheels, Slip = 0.3 Earth Terramechanics Analysis
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4 Wheels, Slip = 0.4 Earth Terramechanics Analysis
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4 Wheels, Slip = 0.5 Earth Terramechanics Analysis
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6 Wheels, Slip = 0.2 Earth Terramechanics Analysis
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6 Wheels, Slip = 0.3 Earth Terramechanics Analysis
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6 Wheels, Slip = 0.4 Earth Terramechanics Analysis

122

Space Systems Laboratory
Dept. of Aerospace Engineering

U N I V E R S I T Y  O F
MARYLAND

6 Wheels, Slip = 0.5 Earth Terramechanics Analysis
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6 Wheels, 4 Driven, Slip = 0.2 Earth Terramechanics Analysis
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6 Wheels, 4 Driven, Slip = 0.3 Earth Terramechanics Analysis
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6 Wheels, 4 Driven, Slip = 0.4 Earth Terramechanics Analysis
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6 Wheels, 4 Driven, Slip = 0.5 Earth Terramechanics Analysis
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Required Torque Graphs
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Average Required Torque Per Wheel, s = 0.2

129

Space Systems Laboratory
Dept. of Aerospace Engineering

U N I V E R S I T Y  O F
MARYLAND

Average Required Torque Per Wheel, s = 0.3
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Average Required Torque Per Wheel, s = 0.4
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Average Required Torque Per Wheel, s = 0.5
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Earth Average Required Torque Per Wheel, s = 0.2
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Earth Average Required Torque Per Wheel, s = 0.3
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Earth Average Required Torque Per Wheel, s = 0.4
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Earth Average Required Torque Per Wheel, s = 0.5
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Required Power Graphs
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Average Required Power Per Wheel, s = 0.2
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Average Required Power Per Wheel, s = 0.3
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Average Required Power Per Wheel, s = 0.4
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Average Required Power Per Wheel, s = 0.5
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Earth Average Required Power Per Wheel, s = 0.2
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Earth Average Required Power Per Wheel, s = 0.3
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Earth Average Required Power Per Wheel, s = 0.4
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Earth Average Required Power Per Wheel, s = 0.5
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Development and Testing of
a Minimum-Mass Unpressurized 

Crewed/Autonomous Rover

University of Maryland
Final Program Review

Moon to Mars Exploration Systems and 
Habitat (M2M X-Hab) 2021

Academic Innovation Challenge
July 29, 2021
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University of Maryland Personnel
• Dr. David L. Akin

Director, Space Systems Laboratory
Associate Professor of Aerospace Engineering

• Graduate Researchers
– Daniil Gribok
– Charles Hanner
– Zachary Lachance

• Undergraduate Students
– Nicolas Bolatto
– Amelia Cherian
– Robert Fink
– Joshua Martin
– Tal Ullmann

• ENAE 788X: Planetary Surface Robotics Design Teams
– Initial designs and input into final design
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Problem Statement
• Lunar EVAs are constrained by range

– Limited walk-back distance of astronauts
– Regions of scientific interest likely far from landing-friendly base/habitat

sites
– Transportation method required to moderate physiological workload
– Physical strain of carrying PLSS

• Single-person human/autonomous unpressurized rover for improving
lunar exploration transportation
– Autonomous exploration before and after human mission
– Increase operational range of EVA's and data collection
– Provide astronaut support and instrument/samples transport
– Capable of carrying second crew in contingency (adds redundancy for

enhanced crew safety)
– Low mass for transport via CLPS or as secondary payload for human lander
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2010: Raven at Desert RATS
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Rover Design Paradigm
• Four 3-4 person teams in ENAE 788X (graduate

course in Planetary Surface Robotics)
independently designed lightweight rovers for lunar
conditions

• Best features of each design were combined in
second-generation design process, and
modified to accommodate Earth gravity conditions

• Rover will be built and tested as a precursor to use
in analog field testing

• Lunar-specific requirements which are not
compatible with Earth version noted with *
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Level 1 Requirements (Performance)
1) Rover shall have a maximum operating speed of

at least 4 m/sec on level, flat terrain.
2) Rover shall be designed to accommodate a 0.3

meter obstacle at minimal velocity.
3) Rover shall be designed to accommodate a 0.1 m

obstacle at a velocity of 2.5 m/sec.
4) Rover shall be designed to safely accommodate a

20° slope in any direction at a speed of at least 1
m/sec and including the ability to start and stop. 

5) The rover shall have a nominal sortie range of 54
km* at an average speed of 2.5 m/sec.
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Level 1 Requirements (Payload)
6) Rover shall be capable of carrying one 170 kg

EVA crew and 80 kg of assorted payload in
nominal conditions.

7) Payload may be modeled as a 0.25 m3 box
8) Rover shall be capable of also carrying a second

170 kg EVA crew in a contingency situation.
Payload may be jettisoned if design permits.

9) Rover design shall incorporate roll-over protection
for the crew and all required ingress/egress aids
and crew restraints.
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Level 1 Requirements (Operations)
10) A nominal sortie shall be at least eight hours

long*.
11) Two rovers must be capable of launch and

delivery on a single CLPS lander.
12) A single rover shall mass ≤250 kg*.
13) Rovers shall be developed in time to be used on

the first Artemis landing mission.
14) Rover shall be capable of operating indefinitely

without crew present*.
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Level 1 Requirements (GN&C)
15) Rover shall be capable of being controlled

directly, remotely, or automated.
16) Rover shall be capable of following an

astronaut, following an astronaut’s path, or
autonomous path planning between waypoints.

17) Rover shall be capable of operating during any
portion of the lunar day/night cycle and at any
latitude*.
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Preferred System Solution Definition
• Major trade studies – parallel design studies

considering critical design options
– Wheels: size, numbers, shape, grousers
– Suspension: none, independent, rocker/bogey,

articulated body, active
– Steering: skid-steer, Ackermann, all-wheel steer, crab

drive
• Concurrent development

– Hub motor/gearbox design and fabrication
– Electronics prototyping and testing on RMP-440/RAVEN
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Preliminary Functional Breakdown (1)
• Mobility chassis

– Basic functionality (driving, parking, recharge)
– Maintainability
– Stowage for economical packing/shipping

• Crew interfaces
– Suit-specific seating (accommodate backpack, provide

easy-to-use body restraints)
– Driving controls (forward/back/turn, brake)
– Displays (navigation, systems status, instruments)
– Accommodations for second crew in contingency
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Preliminary Functional Breakdown (2)
• Payload interfaces

– Sampling manipulator mount and wiring
– Geological tools
– Sample collection and curation
– Science instruments

• Operational features
– Lighting (headlights, task lighting, running lights)
– Sensor platforms (sensor arch/bridge/mast)
– Vision systems (AprilTags tracking)
– Advanced sensor scans (scanning laser

rangefinder, LIDAR)
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Draft Concept of Operations
• Synthesize a "best practices" design from multiple

design studies as described above
• Fabricate and assemble a prototype rover
• Test against performance requirements
• Perform EVA/rover operations studies in UMd

"Moonyard" using MX-series spacesuit simulators
(completing X-Hab 2021)

• Find candidate locations for more elaborate local
field tests (tie-in to GEODES SSERVI)

• Incorporate into GEODES field tests in Lava Fields
National Monument in California (summer 2021)
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Overview of ENAE 788X Designs
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ENAE 788X Designs - SCAMP

15

Fore/Aft Slope Stability (side view)
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ENAE 788X Designs - SCAMP
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Roll Slope Stability (front view)
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ENAE 788X Designs - SCAMP
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Stopping Time Benefits (Moon Gravity)
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Decisions Made Heading into Detail Design

• Maximize utility by maximizing maneuverability
– Articulated wheel linkages

• Keep body frame level on slopes
• Increase stability
• Can lower for ease of ingress/egress
• Can serve as a versatile positioning platform for mounted

robotics
– Accommodate 25° slopes (all directions)
– Active wheel steering

• Make the rover as comfortable as possible for crew
– Suspension system to ameliorate terrain impacts
– Ease of ingress/egress

18



Space Systems Laboratory
Dept. of Aerospace Engineering

U N I V E R S I T Y  O F
MARYLAND

VERTEX* Full Assembly

19

*Vehicle for Extraterrestrial Research, Transportation, and EXploration
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Earth Analogue Goals
• Wheel-turn steering

– Avoid SSL historic gravitation towards skid-steer
platforms

– Minimum front OR rear wheel steering mechanism
– NASA’s favorite – crab drive!

• Transportability
– Footprint should be collapsible within a standard footprint
– Inner box-truck dimensions size 5’x8’, and became

storage footprint requirement for rover
– CLPS lander configuration likely falls within this area with

spacecraft such as Griffin
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Rover Platform
• Chassis requirements:

– Provide dedicated structure space for all components
such as batteries, cargo, suspension, and astronauts

– Batteries must be separated but nearby each other for
safety and thermal requirements

– Consider wheel turning volume exclusion requirements
– Astronaut containment ideally including boot protections,

roll cage, and life-support pack considerations
– Unobstructed entry and exit from driver’s position
– Support rollover, impacts, and obstacle climbing loads
– Field repairable

21
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Rover Platform
• 4130 Chrome Moly

– Majority 1”x1”x0.049”
square tube
construction

– MIG weld assembly
– Ladder design
– Octagonal steering

considerations
– Five compartment

separation

22
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Rover Platform

23

• Rotation axis
mounting points for
wheel arm (tapered
roller bearing)

• Vertical struts
– Linear actuator

mounting points
– Spring and shock

absorber mounting
– Base for roll cage

mounting
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Rover Platform

24

• First mode of
bending: 12.875Hz

• Base frame first
mode was ~65Hz

• Removable roll cage
integration to chassis
being designed for
rollover and stiffening

• FEA of 5G front
impact, high load
bending/torsion
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Wheel Selection
– Commercial pneumatic

tire with non-aggressive
tread patten to conserve
testing location soil

– Goal: 32” (dia) x 8” (wide)
– Expected: 31.7”x8.49”

• LT215/85R16 General
Grabber APT

• 16x6.5 5-100 50mm offset
stamped steel rim (not
pictured)

• 50mm offset aids in
motor/gearbox
containment
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Drive Requirements
• Wheel Torque

– 200 Nm continuous for 4m/s travel @ 0° slope
• Drive requirements mean that ~2.5 kW per wheel

is needed
• Most DC motors could not produce 2.5kW

continuously while allowing for 4m/s top speed
• AC motors considered, but decided against due to

the added mass and volume of an inverter unit
• Hydraulic motors considered
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Motor Selection
Magmotor BFA42-2E-300
• Dynamic brake, 97.6 Nm holding force
• 500 count encoder
• Thermal switch to prevent overheating
• 6 Nm continuous torque @ 3100 rpm
• 200 Nm @ 93 rpm after a 33:1 gear reduction
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Gearbox Trade Study

28

• Getting >200Nm at the wheel is difficult with 90 rpm top
speed goal
– Harmonic drive output has high torque, but cannot handle high

enough rpm
– Most planetary gearboxes were either >$5k and >50lb each

• Trade study for seeing
if a spur gear speed
increaser applied to a
harmonic drive gear
reduction was viable

• 50:1 followed by 1:1.5
(33:1 total) ideal for
motor
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Gearbox Selection
Harmonic Drive LLC HPG-32A-33 planetary gearbox
• 33:1 gear reduction
• 330 Nm peak torque limit

29

MotorGearbox Brake +
Encoder

Wheel 
Attachment 

Bearing

Wheel-Motor Stack Diagram
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4-Bar Linkage Study
Linkage configuration designed 
in Matlab to minimize caster 
angle at all slopes
• Reduces steering torque
• Stiffens the wheel connection

in bending
Downsides
• Very bulky
• Vertical bars connecting to

wheels reach 1.25m off the
ground…
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Potential For Caster Angle Study
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• Accounting for caster angle increases with a larger
steering motor gearbox

• Wheel-link connection
retrofitted with a
variable-angle plate
– Allows caster angle to

be changed between
tests

– Ability to test camber
angle effects while crab
driving
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Steering Actuator
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• Brushless DC/Harmonic
Drive pairing from RANGER

• Kollmorgen RBE-02112-A15
• Harmonic Drive HDC-032-

060-2AK2 SP
• ~102 ft-lbs torque @ 3.2

rpm
• Final Encoders not specified

yet, but likely similar to
RANGER’s heritage design
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Linear Actuator Placement Study
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Linear Actuator Placement
• Study used to specify

actuator requirements
– 3000 lb force
– 25” extension length
– 16” retracted length

• Chosen PA-13 actuator
also has:
– 3500 lb holding force when

power is shut-off
– Hall effect sensor for position

data

34

Chassis mount positioning, 
wheel link connection point
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Suspension
• Fully adjustable shock

absorber with retained coil
spring

• Motion translated in-plane
via pivot
– Pivoting bar (red) represents

only a motion prototype
– Final version will translate

force more efficiently and
utilize full travel capacity

• Tunable series elastic
actuator
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Suspension
• Mass/spring/damper system still

under tuning as mass budget and
linear actuator study form

• Parameters
– Allowable travel - 5”
– Spring constant – 2400 N/m
– Damping ratio – 0.9969
– Osc. Freq – 0.05 Hz

• Damping and spring values
adjustable in the field
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VERTEX Sample Roll Cage
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VERTEX Up/Down Slopes
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VERTEX Cross Slopes
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VERTEX Ingress/Egress Low

40



Space Systems Laboratory
Dept. of Aerospace Engineering

U N I V E R S I T Y  O F
MARYLAND

VERTEX Ingress/Egress Kneel
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A Folded Configuration
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Slightly Unfolded
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Slightly Unfolded
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Front Wheel Steer (Ackermann)
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45° Translation
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Sideways Crab Drive
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Turn in Place
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Up-Slope Climb
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Up-Slope Climb (Max 30°)
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Low Caster Angle
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Negative Caster Angle
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Positive Caster Angle
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Possible Stowed/Launch Configuration
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Spring 2021 Activities
• Finalize system and subsystem designs

– Heavily reference 788X design work
– Complete mechanism design

• Mechanical and electrical build and test
– Machining mechanical components
– Vehicle integration and testing

• Implement human-driven, teleoperated, and
autonomous control software

• Conduct human-driven and autonomous operations testing
– Human factors of astronaut users (COVID restrictions permitting)
– Autonomous navigation and exploration
– Analog field testing
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Electrical System Design Logic
• VERTEX operates at power/energy levels

comparable to modern electric vehicles (EVs)
• Using existing mass-market EV parts would reduce

development time, cost, and improve reliability
and safety

• Core system was thus designed to resemble an
EV system, to maximize utilization of COTS parts

• High-voltage charging/shore power interface was
specifically chosen to be compatible with modern
standards, and be portable for field testing
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Battery Selection
• Previous rover used a 24V system
• Vertex uses a 96V,100Ah LiFeMnPO4 system

– LiFeMnPO4 battery chemistry was chosen for power
density, and charge/discharge characteristics

– High voltage was chosen to keep current requirements
manageable. Lower voltages require the usage of 00+
gauge cables, which makes chassis routing very difficult

– 100Ah was found to give a good balance between size,
cost and runtime

• Other common chemistries (Lead-Acid) were not
selected due to current and weight limits
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Battery Charging
• Batteries support 1 hour fast charging at 10kW

– Onboard charger sized to supply 10kW
• Fast charging possible via a level 2 EV charging

station
– Level 2 chargers availabe in portable form factors
– Gasoline gnerators can provide needed power at remote

testing site
• Vehicle also has backup slow charging, possible

from a standard 120V, 15A domestic outlet
– 14-15 hours charge time
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Electrical Block Diagram – High Voltage
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Electrical Block Diagram – Logic System
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Electrical Block Diagram - Motors
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Raven Test Setup
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Vehicle Operations
• Vehicle designed around a 2 tests per day

schedule:
– 1 test in the AM (expected less than 4 hours)
– 1-2 hours break mid-day for lunch and battery

charging/vehicle configuration change
– 1 test in the PM (again, less than 4 hours

• Expected range: 8-10 km at full speed over level
ground

• Expected runtime: ~45 minutes at full power
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Hardware Interface
• ROS needs to interface with motors and sensors

– Most sensors are USB devices, with existing libraries
– Analog sensors can use an Arduino (or similar) for

digitization
• Motors/actuators require a specialized solution

– Motor drivers can use CANbus
• Common standard used by the lab

– Battery BMS uses CAN to communicate charge
information

• Cradlepoint cell router communicates over
ethernet
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Software Overview
• Utilize Robot Operating System (ROS) for modular

software architecture
– Open-source software available for navigation basics
– Testing of multiple sensors with same navigation

software
– Run identical rover software on multiple rovers (X-Hab

Rover, RMP440, Raven)
• Astronaut following requires navigation algorithm

with constantly changing goal
– Use stereo cameras to find astronaut via fiducial markers
– Investigating random sampling, graph search algorithms
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Software Block Diagram
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Astronaut Following Algorithms
• Speed > optimality
• Graph search

– Lifelong Planning A*
• Algorithm deals well with dynamic environments

– Field D*
• Linearly interpolates between grid points on costmap

• Random sampling
– Not confined to grid environment
– Stable-sparse rapidly-exploring random trees (SST/SST*)

• Faster than traditional rapidly-exploring random tree algorithm
• Account for complex vehicle dynamics
• SST* uses extra time to create more realistic paths
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Software Test Plan
• Testing in simulation

– Develop navigation/astronaut-following algorithms
– Conduct testing with false goals and obstacles in

Gazebo simulated environment
• Test software with sensors on other rover(s)

– Raven and RMP440
– Experiment with sensor placement, astronaut following

• Integration with rover hardware
– Determine optimal sensor placement on chassis
– Determine ideal path planning algorithm for astronaut

following
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Hardware Test Plan
• Electronics will be tested on existing rover

hardware (Raven)
• Non-design specific systems (e.g., wheel hub

motors and geartrains) will be prototyped and
tested ahead of final design

• Basic performance (e.g., drawbar pull, speeds) will
be tested on campus

• Operations testing will be performed in UMd
Moonyard with simulated EVA crew
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UMd X-Hab Rover 2021: Open Issues
• Effects of COVID restrictions on fabrication,

assembly, and testing
• Ability to build and test a complete rover in

remaining time
– Critical part lead times
– Schedule margins to account for necessary

redesigns/rebuilds
– We anticipate that primary testing will not occur during X-

Hab 2021 nominal period
• Is NASA more interested in this as a lunar design

or as an Earth analog vehicle?
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Preliminary Mass Budget
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Risk Assessment and Mitigation 
• Rover driver safety is a priority
• Apply standard vehicular safety systems to rover

– Rollcage for rollover protection
– Body restraints/seatbelts
– Emergency stops located in multiple locations

• General power system safety
– Breakers and fuses in power systems
– Drive interlocks while system is on shore power

• Dealing with COVID and shared surfaces
– Cleaning contact surfaces such as joysticks, e-stops,

and operator control panels
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Front Impact
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• Fully loaded 5G impact with margin
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Front Impact
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Torsion
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• Fully loaded two point rocking torsion with margin
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Torsion
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Torsion
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Bending (front/rear lift)
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• Fully loaded front/rear bending with margin
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Bending (front/rear lift)
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Bending (front/rear lift)
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Bending (Side)
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• Fully loaded wheel attachment bending with margin
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Bending (Side)
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Bending (Side)
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Operations Diagram
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Operations Diagram - Autonomous
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Operations Diagram – Tracking
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VERTEX* Full Assembly
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*Vehicle for Extraterrestrial Research, Transportation, and EXploration
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Slightly Unfolded
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Front Wheel Steer (Ackermann)
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