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Abstract 

This	study	aims	to	design	a	complete	differential	system	for	a	space	rover	that	adopts	a	rocker-bogie	mobility	
system	following	the	related	applicable	documents	in	the	mechanical	fields	in	terms	of	the	design	and	
construction	of	a	geared	transmission	system.	 

The	design	process	is	focused	both	on	a	transmission	mechanism	and	on	an	external	structure	that	connects	
the	two	halves	of	the	mobility	system.	The	parts	are	developed	using	a	custom-made	MATLAB	code	for	the	
calculus	implementation	for	a	preliminary	design	of	the	gears	and	the	shafts.	The	design	is	then	verified	
through	the	software	MitCalc.	The	external	structure	is	studied	through	a	finite	element	analysis	on	Hexagon	
MSC	Nastran	with	Patran.	After	the	production	and	assembly	phases	a	performance	test	campaign	has	been	
conducted	to	verify	the	correct	functioning	of	the	transmission	mechanism	under	operative	movement	
velocity	and	mechanical	tests	on	the	external	structure	under	the	application	of	different	loads,	both	in	static	
and	dynamic	conditions,	verified	by	inspection	or	using	specific	tools	when	needed,	to	confirm	the	correctness	
of	finite	element	analysis	studied	in	the	design	phase.	 

The	idea	behind	the	project	is	to	develop	a	system	that	permits	the	rover	to	be	a	strongly	modular	developing	
platform,	avoiding	the	more	classical	differential	bar	coupled	to	this	kind	of	mobility	system,	which	puts	
strong	constraints	on	what	could	be	the	effective	buildable	area	around	the	mechanical	structure	of	the	rover.	
Adopting	this	design,	the	usable	volume	around	a	less	constrained	central	core	can	be	maximized	in	order	to	
host	bigger	external	payloads	in	different	positions	of	the	rover.	In	these	terms,	when	used	as	an	astronaut	
assistance	rover,	thanks	to	the	mechanical	structure	that	guarantees	this	modularity,	it	presents	many	
possibilities	of	reuse	in	a	different	configuration	with	different	payloads.	 

This	work	is	developed	in	the	environment	of	the	DIANA	student	team	from	Politecnico	di	Torino,	which	took	
part	in	different	competitions	such	as	the	Rover	Challenge	Series,	connecting	different	student	teams	from	all	
over	the	world	and	students	from	different	engineering	areas	with	the	main	focus	to	design	a	working	
prototype	of	a	space	rover.	 

 
Keywords: Differential system, Rocker-bogie mechanism, Payloads hosting, Space structures, gears backlash, FEM 
Analysis. 
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1. Introduction 
      
Since 1970 with the Soviet rover Lunokhod1 [1], the 
exploration of extraterrestrial bodies has played a 
central role in space exploration and the search for life 
on other planets in the solar system. 
 
The future of exploration involves human bases on other 
planets [2], where human-robot interaction will play an 
important role during small crossings, scientific sample 
collection missions, and manipulation tasks [3] 
 
As the rover becomes fundamental for astronaut 
assistance, becoming a modular development platform 
[4] is of primary importance for accomplishing several 
tasks, this setup could become a standard for future 
astronaut assistance rovers. 
 
Already confirmed by several missions and studies 
conducted on the field, Rocker-bogie [5] mechanism 
seems to be the most efficient mechanism for the 
exploration of harsh and uneven terrain. 
 By definition, this kind of mechanism requires a 
differential system to ensure the necessary grip during 
the traverse, this differential system could consist of a 
differential bar or a gearbox [6].  
 
 
The following study aims to find a solution for the 
gearbox design and related structure for a planetary 
rover for astronaut assistance, as a requirement the 
structure should be stiff enough to sustain a set of 
payloads, meanwhile, the gearbox should consent to the 
mobility system, to overcome obstacles of known 
height. 
 
The designing process starts from the mechanical 
requirements: load condition, material selection, and 
geometry for gears and splined shaft that will constitute 
the gearbox, these components have been designed 
through specific ISO normative, then for the splined 
shafts a verification method was proposed directly from 
the normative, for the gears instead a software called 
Mitcalc was used as a verification method. 
 The gearbox gives geometrical constraints on the 
external structure in terms of height and depth, the 
length of the external structure is constrained by the 
maximum dimension of the payloads that would be 
hosted, a reasonable value has been chosen.  
The structure is then verified through a finite element 
analysis conducted on Hexagon MSC Nastran with 
Patran. 

After the design phase, the parts have been produced 
and assembled, the whole system has been subjected to 
field tests to evaluate the correctness of the analysis and 
the dynamical behavior. 
Figure 1 shows the steps followed from the design to the 
construction of the system. 
 
 

 
 

Fig. 1. Design steps 
 
 
 
2. General requirements and material selection  
 
Differential systems are composed of bevel gears, in 
general with a helical profile, Considering the low speed 
of the case studied a straight bevel gear has been chosen 
mainly to reduce production error that usually comes up 
in the production of Gleason or Hypoid gears [7]. 
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A set of four gears has been selected as the best for load 
distribution. 
 
As a requirement, a value of 60 Nm has been chosen as 
the torque transferred on each shaft of the differential 
system, and so the same torque is exchanged between 
shaft and gears. 
 
On the external structure instead, a value of 500 N has 
been chosen as the applied load, which should be 
comprehensive of battery, avionics, and payloads of the 
planetary rover prototype.  
 
The material selected for the first production of the 
model was Aluminum alloy 7075-T6 for the external 
structure, AISI 3115 ( UNI 16NiCr4) steel for gears, 
and AISI 4142H ( UNI 38CrMo4) for the splined shaft 
and the plates that connect the shaft to the rocker-bogie 
mechanism.  
 
 
Considering the space application of the product, the 
Aluminum 7075-T6 can be substituted by more used 
7075-T73 which presents better properties in corrosive 
environments. [8] 
 
The components made of steel could remain the same 
because no thermal treatments were meant to be done 
during the development of the parts. Thermal treatment 
couldn’t be so effective in space application, and the 
rigidity of the external layer of the components could 
increase the fracture growth. 
 
 
3. Design, Production and Assembly  

 
This section is characterized by the application of main 
ISO standards for the design of the components and the 
verification methods. 
 
3.1 Splined Shafts  
 
Considering a Torque of 60 Nm applied on each shaft 
the selected dimensions for the hollow shafts, are 
𝐷!"# 	= 	15	𝑚𝑚 and 𝐷$%# = 10𝑚𝑚 results verified 
through traditional calculus methodology.  
The design of the splined parts starts with the choice of 
the tooth profile, the selected one is the CUNA profile, 
which permits a higher number of teeth and so the 
regulation of the system to balance the load applied on 
it, and allows during the production to chose a side fit in 
the mate and avoid backlash. 
After the selection of the previous characteristic the 
relative standard are applied [9][10][11]. 
 

The procedure suggested by the standards is 
implemented in a Matlab code that allows the calculus 
iteration based on the number of teeth to find the 
optimum values for the teeth's geometric parameters and 
coefficients. 
 
At the end of the design phase, the verification method 
is based on the relationship between different 
parameters: 
 

 

 
To derive this formulation the calculation is:  
 
 𝐹 =	𝑝&𝐴'  
 
𝐴'	 =	 (

)*+
,
− 2𝑐)𝐿  area of the lateral contact surface 

 
The maximum transmissible force is:  
 

𝐹 =	𝑝&(
𝐷 − 𝑑
2 − 2𝑐)𝐿 

 
To take in account the non-uniform distribution of the 
pressure the utilization coefficient should be introduced:  
 

𝐹 = 	𝜓𝑝&(
𝐷 − 𝑑
2 − 2𝑐)𝐿 

 
 
The total force on the N spline generate a torque 
 

𝑀# = 	𝜓𝑝&(
𝐷 − 𝑑
2 − 2𝑐)𝐿

𝐷 + 𝑑
4 𝑁 

Considering: 
 
𝑀# =	

-+!

./
𝜏&  

 
𝜓 = 0.75	 utilization coefficient  
 
𝑚 = -

,0
  = 2.10 for fix mating with no load 

 
𝑘 = 	 1"

2"
  

 
Ω = +#

()*+*4')()6+)7
  

 
D: external diameter 
 
d: internal diameter 
 
c: teeth height 
 

0.6 > L
d

= m * Ω
k

≤ 1.5
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N: number of spline 
 
L: contact axial length  
 
𝑝&: unitary admissible pressure on the contact surfaces 
 
𝜏&: unitary admissible torsional stress 
 
𝑀#: maximum torque that the load could support 
  
 
 
In the end, the splined shaft result was correctly 
designed with a verification factor of 	8

+
= 	0.6342 

 

 
                  

Fig. 2. Splined Shaft design 
 
 
3.2 Straight Bevel Gears  
 
The gear design process starts with the selection of 
different values of mean modulus and number of teeth 
that guarantee the gears are stiff enough and remain in a 
certain range of dimensions. 
The followed process is proposed by ISO standards 
[12][13][14]. 
The selected values are 𝑧	 = 	25 teeth and 𝑚9% 	= 	2.5. 
So the general dimension of the gear is 𝑑9 	= 	62.5𝑚𝑚.  
These parameters are then verified through the software 
MitCalc, which is based on the application of the related 
standard through an Excel spreadsheet. The parameters 
given as input to the software are:  
 
 
Then, the resultant safety factor of gear is 𝑆𝐹	 = 	2.5. 
 
As said in the general requirement section, the system is 
composed of four gears coupled, two on the side, one on 
the top, and one below, everyone with 90-degree angles 
between each other.  
To prevent problems related to backlash in the gear 
mates, the lower gear was mounted tilted thanks to a 

mechanism based on screw-nut, the mechanism permits 
the variation of the angles in a range of 10-20° with 
respect to the vertical axis (fig.4). [15] 
The regulation of the mechanism avoids backlash 
according to the different loads applied to the structure, 
different loads require different angles. 
 
 

 
 

Fig. 3. Straight bevel gear design 
 

 
Fig. 4. System section 
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3.3 External Structure 
 
For the structure design, a process similar to the gears 
has been followed, and different concepts are verified 
through a FEM analysis conducted on Hexagon MSC 
Nastran with Patran. 
The final design was chosen considering stiffness, 
lightness, and simplicity for production.  
 

 
 

Fig. 5. Complete differential system design  
 
 
 
 
4. Reusability  
 
As said, the focus of the selection to use a gearbox instead 
of a more classical differential bar is the idea to let the 
rover be equippable with interchangeable modules where 
each module corresponds to different payloads, specific 
for the tasks that the rover alone, or coupled with a human 
companion, has to complete. 
The solution to obtain the modularity could be based on 
linear guides attached to the main structure of the 
differential system. 
A solution for payload disposition is proposed in the 
following image:  
 

 
Fig. 6. Payloads allocation mock-up  

 

 
Fig. 7. Side view of Payloads allocation mock-up 

 
 
 
 
5. Test and Results  
 
After a production campaign, the prototype was 
assembled on the engineering model of a planetary 
rover developed by Team DIANA, a student team from 
Politecnico di Torino.  
Some junction plates have been produced to make the 
system to be compatible with the rover.  
The systems have been loaded with a robotic arm, a soil 
sampler, two modules of power and avionics, and a 
sampler container, supporting a load of 29,4 kg applied 
of the structure without showing any sign of failure both 
in statics and operative dynamic condition on the 
external structure. 
 
The differential system was also tested during the 
overcoming of obstacles high 20-30 cm showing a 
correct meshing of the gear teeth. The splined shaft 
instead, thanks to the high number of teeth, permits the 
correct balance of the load applied to the structure by 
rotating the structure around its axis. 
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Fig. 8. Differential system production 

 
 

 
Fig. 9. Differential System assembly 

 
5. Discussion  
 
In conclusion, the choice of a differential system for a 
planetary rover based on a rocker-bogie mechanism 
could be the game changer in a modular platform for 
astronaut assistance, mechanically stable and compact 
optimize the space usage around the main mechanical 
structure. 
 
The gearbox could also be encoderized to know the 
relative position of the two halves of the mobility 
system knowing the relative position of gears in the 
gearbox, using the encoder feedback a certain path that 
puts the rover in a position that results more critically on 
the main mechanical structure can be detected 
preventing the mechanical components to undergo 
cycles of high stress. 
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Fig. 10. ARDITO rover developed by DIANA 
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