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Introduction: Venus, a celestial entity historically associated with Earth, has a 
planetary atmosphere characterized as hellish. Throughout the history of space 
exploration, a finite number of spacecraft have been sent to examine this 
mysterious planet. Of the many journeys to our celestial satellite, only about 
twelve have successfully communicated with the planetary surface. The landers 
with the longest operational lifespans functioned for just a little while, 
succumbing to the intense and relentless mix of severe heat and pressure. 
The National Aeronautics and Space Administration’s Jet Propulsion 
Laboratory (NASA-JPL) is currently evaluating a mission proposal to revisit the 
planet Venus.
Methods: The Automaton Rover for Extreme Environment (AREE) mission 
concept aims to perform prolonged exploration of the terrain of our adjacent 
celestial body, employing wind-powered automatons and mechanical devices, 
with the objective of functioning for extended durations rather than mere 
minutes. As the rover navigates the Venusian surface and relays data to an 
orbiting satellite, it is essential for it to simultaneously detect and recognize 
any obstacles that could hinder its advancement.
Results: To facilitate the innovative mission concept of AREE, the primary 
mechanism utilized for the identification and navigation of perilous situations 
during the operational lifespan of the prospective rover will be designated as the 
Hazard Avoidance and VEhicular Navigation System (HAVEN). This research study 
will concentrate on the design concept of the HAVEN sensor, which seeks to 
augment the rover’s capabilities by identifying diverse impediments, such as 
rocks, fissures, and slopes.
Discussion: By accurately detecting and recognizing these challenges, the rover 
will navigate Venus’s rough terrain and enhance its exploration endeavors, hence 
enabling the acquisition of significant observational data.
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1 Introduction

1.1 About

This work provides the author’s response to the challenge 
presented by NASA Tournament Lab, in partnership with 
NASA-JPL, regarding the development of a mechanical sensor 
for obstacle avoidance in the AREE rover. The objective is to 
create a sensor that is not dependent on susceptible electrical 
systems. This paper provides an overview of the mission goal, 
design and development, external environment analysis, technical 
budgets, and risk assessment associated with HAVEN.

1.2 Primary objective

Recent advancements further justify HAVEN’s electronics-free 
front end while elucidating material and load-case selections. At the 
device level, ferroelectric AlScN non-volatile memory functioning at 
600 °C exhibits data retention comparable to near-Venus 
temperatures, indicating a supplementary approach for back-end 
data logging or mission redundancy, particularly if few electronics 
are situated behind thermal shielding (Pradhan et al., 2024). NASA’s 
2024–2025 evaluations of long-duration Venus landers and the 
VISTA/DAVINCI engineering sensor initiative highlight the 
technological readiness for extended operation under 9.2 MPa 
and about 730 K conditions (Raut et al., 2022). Recent field 
deployments in planetary robotics underscore the effectiveness of 
strong autonomy and multi-robot techniques for navigating 
hazardous terrains, which feed our validation protocols (Martinez 
et al., 2025). Regarding materials, high-temperature creep and 
fracture data for Ni-based superalloys, along with contact 
stability analyses for GaN HEMTs at increased temperatures, 
furnish bounding properties and tribo-thermal considerations for 
springs, limiters, and interfaces in HAVEN’s drivetrain (Domínguez 
et al., 2025; Niroula et al., 2024). Venus is the planet that is nearest to 
Earth in terms of distance, size, and mass. Its radius is approximately 
5% smaller than Earth’s (Taylor et al., 2018). The uncompressed 
density of Venus is roughly identical to that of Earth, suggesting that 
both planets have a similar structure and composition. Venus 
possesses a compact atmosphere that is predominantly composed 
of carbon dioxide and is covered by dense clouds of sulfuric acid 
(Airey et al., 2015). At the average planetary radius (APR), the 
atmospheric pressure is approximately 9.2 MPa (MPa) and the 
temperature is around 730 K (K) as a result of the significant 
atmospheric density and strong greenhouse effect (Seiff et al., 
1985). Venus lacks an inherent magnetic field to protect its 
upper atmosphere from the solar wind (Martinecz et al., 2009). 
The absence of a magnetic cavity leads to a highly organized plasma 
environment, resembling the conditions observed at Mars and 
comets. This environment is defined by the direct contact 
between the solar wind and the upper part of the ionosphere. 
The Automaton Rover for Extreme Environments (AREE) 
suggests a significant change in approach, moving away from 
electronics and towards a completely mechanical system. This 
would allow for the exploration of the most extreme 
environments in the solar system across extended distances 
(Sauder et al., 2017a; Sauder et al., 2017b; Alva et al., 2022). The 

primary objective of the HAVEN mission is to facilitate the 
navigation of the AREE rover across obstacles encountered on 
the surface of Venus throughout its anticipated operational 
duration of 6 months. Based on the design and requirements 
outlined by the AREE rover, it is necessary for the HAVEN 
sensor to satisfy the following functional requirements:

a. The sensor must demonstrate consistent responsiveness when 
faced with inclines exceeding a 30-degree angle, whether they 
are uphill or downhill.

b. The sensor must possess a reliable capability to detect and react 
to obstacles with a height exceeding 0.35 m, such as rocks.

c. The sensor will not activate in response to rocks that are less 
than 0.3 m in height.

d. The sensor must demonstrate consistent responsiveness when 
detecting holes or valleys with a depth exceeding 0.35 m, 
regardless of their breadth, with the exception of thin valleys.

e. The sensor will not activate for holes that have a depth of less 
than 0.3 m.

f. Assured detection for apertures with minimum inscribed 
diameter Dap ≥ 0.10 m; a non-response band for Dap ≤ 
0.06 m to suppress nuisance triggers; and a gray band 
0.06 < Dap< 0.10 m where a trigger occurs only with 
corroboration any one of: local slope ≥15°, rack vertical 
drop ≥8 mm within one stroke, or spinner under-support ≥ 
one-quarter revolution. Post-trigger hysteresis/reset requires 
either Dap< 0.04 m sustained over ≥10 mm of forward travel or 
two consecutive spinner-support confirmations before re- 
engagement. The thresholds are tied to geometry via 
spinner spacing S and pusher nose radius rp (with Dap, 
assured ≳ S − 2rp) and will be verified using calibrated slot- 
gauge and stepped-gap fixtures.

2 Materials and methods

2.1 HAVEN’s design concept

HAVEN’s uniqueness lies in its integration of traditional 
mechanisms into a singular, autonomous hazard-avoidance 
system specifically engineered for the Venusian environment. 
Previous planetary rovers have utilized electronic or 
electromechanical sensors integrated with software-based 
navigation systems. In contrast, HAVEN exemplifies mechanical 
autonomy, wherein sensing, decision-making, and actuation are 
achieved through a sequence of mechanical interactions, 
independent of vulnerable electronics. The multi-stage 
transmission system comprises torque limiters, dog clutches, spur 
and bevel gears, and a scotch-yoke actuator, which together form the 
fail-safe logic system that detects obstacles, isolates overloads, and 
initiates avoidance maneuvers. The design is a functional 
mechanical logic circuit wherein the flow of energy and 
information relies on controlled motion rather than electrical 
impulses. Furthermore, to attain structural integrity and fatigue 
resistance at temperatures of 730 K and loads of 9.2 MPa, HAVEN 
engineers its mechanism and optimizes its materials (Ti-SF61, Ti- 
6Al-4V, Inconel X-750) for high-temperature applications. The 
integration of mechanism design, material selection, and 
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environmental compatibility constitutes the primary novelty of 
HAVEN, enabling modular operation on the surface of Venus, 
devoid of electronics and the necessity for recharging.

Figure 1a depicts the isometric view, whereas Figure 1b presents 
the front view of the object referred to as HAVEN. The sensor is 
equipped with a mechanism box and three extended arms, 
consisting of one pusher and two spinners. These components 
enable the sensor to effectively detect and navigate obstacles, as 
well as identify slopes and valleys. In situations where it becomes 
necessary to go around an obstacle, hill, or valley, the extension of 

the rover’s arms initiates a mechanical signal to the mechanism box. 
This signal, in turn, activates the reverse drive pin of the rover. 
Therefore, the rover will come to a halt, briefly reverse its direction, 
and subsequently adjust its trajectory accordingly.

Figure 2 illustrates the conceptual design of the AREE, featuring 
the attachment of HAVEN on its front side. The device functions 
akin to a rover’s appendage, facilitating the identification of 
impediments that necessitate avoidance.

HAVEN is used for exploration and development of various 
gear arrangements and mechanical components that harness 

FIGURE 1 
HAVEN concept design. (a) isometric view and (b) front view of HAVEN.

FIGURE 2 
AREE concept design with HAVEN sensor.
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mechanical power from rovers. The absence of electrical 
components poses a challenge in maintaining an operational 
environment at high temperatures on the surface of Venus. In 
order to safeguard the mechanism box from the Venusian 
atmosphere, it is proposed to employ a 2 mm thick sheet as an 
outer layer, as depicted in Figure 3a.

Since the size of the HAVEN sensor is compact, it can be fitted in 
a other mini rover design in synergy with the other instruments such 
as on the Kalam Rover (Mukundan and Wang, 2023; Mukundan 
et al., 2023a; Mukundan et al., 2023b; Mukundan et al., 2023c; 
Mukundan et al., 2022). The truss structure will serve as the primary 
support for the mechanism box, with the outer sheet cover being 
affixed to it. The truss construction is specifically engineered to 
endure the various loads encountered during launch conditions, as 
well as the substantial pressure of approximately 93 bar exerted on 
the mechanism box while it is situated on the surface of Venus. The 
truss construction is composed of bars featuring a square cross- 
sectional area measuring 10 mm × 10 mm. X-cross connections are 
implemented with the purpose of enhancing the structural load- 
bearing capacity. Figures 3b,c depicts an isometric view of the truss 
structure within the mechanism box.

The mechanism box is comprised of an inner cover made of a 
sheet that is 1.5 mm in thickness. The primary function of this inner 
cover is to offer structural reinforcement for the mechanisms housed 
within the box, if needed. In addition to serving as a basis for internal 
mechanics, it also functions as a means of reinforcement for truss 
structures in carrying external loads. The inner sheet depicted in 
Figure 3d does not provide complete coverage for all interior sides of 

the mechanism box, in contrast to the outer sheet cover which fully 
covers all outside sides.

The AREE idea employs a wholly mechanical architecture for 
navigation and obstacle avoidance, enabling it to endure conditions 
of 730 K and 9.2 MPa. HAVEN functions as the front-end in this 
motion-control loop. The resultant displacement is transmitted 
(through the rack-and-pinion and gear train) to the scotch-yoke 
assembly when the sensor’s detecting components (pusher or 
spinner) encounter an obstacle, slope, or depression beyond the 
designated thresholds. The scotch-yoke functions as an electrical 
signal, utilizing its linear output to activate the reverse-drive pin on 
the rover, ceasing forward motion and initiating a brief reverse 
maneuver. Upon clearing the blockage, the transmission is reset via 
the torque limiter and clutch sequencing, allowing the rover to 
proceed along a modified route. HAVEN performs sensing and 
actuation functions by mechanical sequencing rather than software, 
aligning with the principle of AREE.

2.2 HAVEN’s working mechanism

Although less intricate, straightforward direct acting links can 
facilitate obstacle avoidance with fewer components, concentrating 
load and temperature exposure on a restricted number of pieces. The 
combination of high contact stress, time-dependent deformation, 
and friction from debris poses significant risks under Venus-like 
conditions (approximately 730 K and 9.2 MPa), subjecting 
chemically pure platinum to a heightened likelihood of creep, 

FIGURE 3 
(a) Outer sheet cover of mechanism box, (b) and (c) different isometric views of the Truss structure of mechanism box, (d) Inner sheet cover of 
mechanism box.
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seizure, and irreversible misalignment. Multiphase transmission is 
employed in HAVEN, facilitating a multi-stage delivery of torque 
and motion across various gears and couplings. Ball-detent torque 
limiters connect upstream loads during an impact or jam, 
decoupling the load to safeguard the detecting module and 
facilitating automatic re-engagement; the dog clutch provides 
positive, slip-free transfer upon command, minimizing wear, 
while the scotch-yoke transforms rotary motion into controlled 
linear force on the reverse-drive pin, negating the necessity for 
spring deflection to exert the force. This partitioned architecture 
includes a network of mechanical fuses and conditioners that 
improve jamming tolerance and fault isolation while maintaining 
the necessary force margin for dependable actuation in extreme 
thermal-pressure conditions. HAVEN utilizes a mechanism 
consisting of bevel gears, spur gears, a rack and pinion 
mechanism, a slide gear mechanism, a scotch-yoke mechanism, 
springs, torque limiters, and a dog clutch. Figure 4 depicts a detailed 

anatomical representation of HAVEN’s mechanism. The entire 
sensor is comprised of two distinct mechanisms: (a) Triggering 
mechanism and (b) Detecting mechanism.

2.2.1 Triggering mechanism
The collection of mechanisms located on the rear side of the 

mechanism box is referred to as the triggering mechanism. These 
mechanisms, as their name implies, activate the necessary reverse 
drive pin to halt the forward movement of the rover and change its 
direction in order to avoid any unwanted path or barrier. Figure 5
displays the posterior and isometric perspectives of the triggering 
mechanism segment within the mechanism box. Further discussion 
will focus on the components utilized in the triggering process.

The gears within a gearbox might be likened to the wheels within a 
crossing, belt pulley system. Gears offer the benefit of preventing 
slippage during high-speed revolutions and in high-temperature 
environments due to the presence of teeth. Geared devices have the 

FIGURE 4 
Anatomy view of HAVEN’s mechanism.

FIGURE 5 
(A) 3-D design of the transmitter module and (B) Block diagram of the transmitter module.
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ability to modify the speed, torque, and direction of a power source by 
utilizing their gear ratio. As a result, they can be regarded as a basic 
mechanical device that provides a mechanical advantage. The 
triggering mechanism employs four sets of straight-cut bevel gears 
and three sets of straight-cut spur gears. The primary rationale for 
employing straight-cut gear types in this context is to mitigate the 
presence of axial thrust on the gear axis. This necessitates the use of 
suitable thrust bearings, which may contribute to an increase in the 
mass of the sensor.

A torque limiter is an automated overload clutch that offers 
machine safeguarding in the event of jamming load circumstances. 
A mechanical torque limiter offers superior response times and 
enhanced protection compared to conventional electrical solutions 
in situations with high crash rates. Among the several types of 
disconnects available, we will utilize a customized ball detent type 
torque limitation that aligns with our specific sensor needs. This 
particular configuration is depicted in Figure 6a.

Figure 6a illustrates a ball detent type torque limiter that 
transfers force by utilizing hardened balls positioned in detents 
on the shaft. These balls are secured in place by springs. An excessive 
torque causes the balls to be forced out of their detents, resulting in 
the separation of the shaft. Ball detent torque limiters differ from 
friction style or shear pin type torque limiters in that they offer a 
precise means of resetting the torque without requiring any external 
involvement. Upon reaching the predetermined torque limit, the 
clutch disengages, resulting in an abrupt decrease in torque. The 
clutch attempts to automatically re-engage at every 360 degrees of 
rotational rotation. Once the torque on both sides is equal, the clutch 

is prepared for action once more. Additional cycle sequences, such 
as a 180-degree rotation, are also provided. The triggering 
mechanism employs a pair of ball detent type torque limiters. In 
order to safeguard the operation of the rover in the event of a 
jamming issue, a torque limiter is positioned directly between the 
output shaft of the rover and the input shaft of the sensor. This 
torque limiter, depicted in Figure 4 as the green-colored bevel gear 
set, serves to protect the rover by ensuring that the mechanical 
power supply remains constant.

The Scotch-Yoke mechanism is a type of mechanism that 
converts rotational motion into linear motion, or vice versa, by 
use of a reciprocating motion (Al-Hamood et al., 2019; Arakelian 
et al., 2016; Sawyer et al., 2003). The reciprocating part of the scotch 
is connected directly to a sliding yoke that has a slot which interacts 
with a pin on the spinning part. Figures 6c,d depicts the utilization of 
a scotch-yoke mechanism in the sensor. The objective of employing 
this mechanism is to exert the necessary force on the reverse drive 
pin of the rover. The force exerted by the sliding yoke can be 
adjusted by rotating the scotch and by modifying the distance 
between the slot that links the scotch and the yoke, and the 
center of the scotch. Typically, a single rotation results in a 
complete reciprocating motion, which involves moving back and 
forth. However, the scotch-yoke mechanism employed in this case 
has been tailored to specific requirements.

Figure 6c depicts the mechanism in its stand-by position, also 
known as the disengage position. Upon receiving a mechanical 
signal from the detecting mechanism, the scotch rotates 
counterclockwise, causing the sliding yoke to go forward and 

FIGURE 6 
(a) Customized torque limiter, (b) Working principle, (c) Working of scotch-yoke mechanism Disengage condition (d) Working of scotch-yoke 
mechanism Engage condition, (e) Function of 2nd torque limiter from circuit by torque limiter, (f) Dog clutch, (g) Working of dog clutch Engage condition, 
(h) Working of dog clutch disengage condition, (i) Sliding gear transmission, (j) Slider, (k) Stand-by condition of triggering mechanism, (l) Engage 
conditions of triggering mechanism bevel gear (yellow) to slider (m) Engage conditions of triggering mechanism bevel gear (red) to slider.
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exert the necessary force on the reverse drive pin of the rover. Next, 
the secondary torque limiter located in front of the mechanism 
depicted in Figure 6e becomes active. Once the reverse drive pin 
achieves its maximum displacement of 3cm, it will cause the torque 
limiter to get jammed. Consequently, the torque limiter will separate 
the scotch yoke mechanism from the remaining circuit. The tension 
springs are connected between the yoke and support to accumulate 
potential energy when the yoke goes forward. The energy is 
immediately discharged upon disengagement of the scotch-yoke 
mechanism. The torque limiter reactivates when the yoke returns to 
the stand-by position. The method continues to iterate until a 
mechanical signal indicates that an impediment is still 
obstructing the path.

A dog clutch is a clutch mechanism that connects two rotating 
shafts or components by an interference or clearance fit, rather than 
relying on friction (Aljawabrah and Lovas, 2023; Shiotsu et al., 2019; 
Duan, 2014). The clutch is engineered with two components that 
exert force on each other, resulting in synchronized rotation at a 
constant speed without any slippage. The design of the dog clutch 
utilized in the sensor is depicted in Figure 6F. The dog clutch 
facilitates the transmission of power between the main shaft and the 
output shaft by the use of a bevel gear and slider mechanism, as 
depicted in Figures 6g,h.

A slide gear mechanism is a transmission system including many 
sets of gears and shafts arranged in an organized manner (Chen and 
Zeng, 2019; Chen et al., 2018). The gear ratios are changed by sliding 
the gears along the splined shaft using a gear lever. Slide gear 
mechanism utilized in the sensor is depicted in Figure 6i. 
Figure 6j depicts the slider design, comprising two spur gears 
coupled by a modified ball bearing and equipped with a dog 
clutch on either side. The outer portion of the ball bearing is 
linked to a detecting mechanism that facilitates the reception of 
mechanical signals through the sliding of gears along the splined 
shaft. Ball bearings facilitate the movement of the slider along the 
rotating shaft, which is shared by both the slider and bevel gears. 
Transmission is done as soon as slider moves either up or down along 
the shaft and dog clutch is engage. The transmission process involves 
the utilization of a spur gear that is connected to a spline gear. From 
there, the power is transferred through bevel gears to a torque limiter, 
which ultimately reaches the scotch-yoke mechanism.

Figure 6k depicts the standby position of the triggering 
mechanism, in which the slider is in a neutral position relative to 
the shaft. In this configuration, the slider moves unrestrictedly along 
the shaft without any transmission. Transmission occurs when the 
slider travels either upward or downward.

Figure 6i depicts the transmission mechanism in which the 
slider goes downward and connects with a continuously 
revolving bevel gear (yellow) via a dog clutch. Figure 6m
illustrates the transmission process in which the slider goes 
upwards and connects with a continuously rotating bevel gear 
(red) upon receiving a mechanical signal from the 
detecting mechanism.

2.2.2 Detecting mechanism
The assemblage of mechanisms on the front side of the 

mechanism box, which includes pushers and spinners, is referred 
to as the detecting mechanism. These devices, as their name implies, 
aid in identifying barriers, slopes, or valleys that must be avoided 

and transmit a mechanical signal to activate the triggering 
mechanism. Figure 7a displays an isometric perspective of the 
detection system.

The primary method of detection is accomplished by the 
utilization of a rack and pinion system, which is further 
reinforced by spur gears and compression springs. The rack is 
built with three sides, one of which is constantly engaged while 
the other two sides come into contact as needed, as depicted in 
Figures 7b,c.

Figure 7d illustrates the linkage between the triggering 
mechanism and the detecting mechanism. The outer portion of 
the slider’s bearing in the triggering mechanism is linked to the 
rack in the detecting mechanism via a rod. Therefore, the motion 
is transferred from the rack to the slider. Additionally, a 
compression spring is positioned above the rack to restore it to 
a neutral position if the rack moves in either an upward or 
downward direction.

A pusher is a straightforward device that utilizes a rack and 
pinion system to transmit motion to the main rack via a spur gear. A 
pusher is a shaft with a plate at one end to detect impediments and a 
linear gear (rack) arrangement at the other end. The inner end of the 
pusher is also reinforced by a compression spring, which ensures 
that the pusher remains in a neutral position during its movement. 
When an impediment makes contact with the pusher when the rover 
is going forward, a force of 150N is exerted on the pusher in the 
opposite direction. As a result of this reactionary force, the pusher 
moves in the opposite direction, causing the main rack to move 
downward and generating a mechanical signal, as depicted in 
Figures 7e,f. The compression spring stores energy as the pusher 
moves in a backward direction and releases it when the rover 
goes backward.

Placing a component with a length of approximately 0.606 m at a 
height of 0.35m, enables the measurement of slopes with an angle 
more than or equal to 30° and rocks with a height greater than or 
equal to 0.35 m. Therefore, this notion is applicable to both pushers 
and spinners. The pusher is designed to identify a front slope of 30° 

and rocks that are at least 0.35 m in height, as depicted in Figures 
8a,b, respectively.

The spinner aids in identifying impediments such as inclines, 
depressions, potholes, and rocks that may be present along the wheel 
path. The procedure of detecting the spinner is illustrated in 
Figure 8c. One end of the spinner is connected to a spur gear, 
which transmits motion to the main rack. The other end of the 
spinner has a wheel with a diameter of 0.1m, which follows the 
surface in front. The Spinner operates on the same design principle 
as the Pusher.

The spinner is capable of detecting side slopes with an angle of 
30° or greater, side valleys with an angle of 30° or greater, front 
valleys with an angle of 30° or greater, rocks that are at least 0.35 m 
high, and potholes with a depth of 0.35 m or greater. These features 
are illustrated in Figures 9a–e, respectively.

2.3 Materials

Titanium Ti-SF61 is a recently developed titanium alloy that 
belongs to the high temperature near alpha grade 6 category (Lu 
et al., 2015). Due to the presence of Yttrium, which produces 
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thermally stable oxides, this material exhibits significant fatigue 
strength at high temperatures and exceptional resistance to 
creep. Ti-SF61 is the most sophisticated conventional titanium 

alloy designed for high temperatures. The chemical composition 
of Ti-SF61 is composed of titanium (Ti) with the following 
alloying elements: 5.9% aluminum (Al), 2.7% tin (Sn), 4% 

FIGURE 7 
(a) Detecting mechanism, (b) Anatomy of detecting mechanism, (c) Rack and pinion system, (d) Connection between triggering and detecting 
mechanism, (e) Pusher–downward movement, (f) Pusher – upward movement.

FIGURE 8 
(a) Pusher - 30° front slope, (b) Pusher - Obstacle >0.35 m and (c) detecting process - spinner.
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zirconium (Zr), 0.45% molybdenum (Mo), 0.35% silicon (Si), and 
0.22% yttr. Ti6Al4V is a titanium alloy with a grade 5 designation, 
characterized by its alpha-beta structure (Raut et al., 2022; 
Pederson, 2002). It possesses a remarkable strength-to-weight 
ratio and exhibits exceptional resistance to corrosion, 
particularly at high temperatures. Titanium alloys are widely 
used in various applications, particularly in the aerospace 
sector and bio-mechanical applications, due to their low 
density and exceptional corrosion resistance. They are 
considered the workhorse among titanium alloys. Ti-SF61 is 
chosen for components directly exposed to the Venus 
atmosphere due to its superior creep resistance, better fatigue 
strength, and greater corrosion resistance compared to grade 
5 Ti6Al4V. Ti6Al4V is chosen for interior components such as 
gears due to its excellent manufacturability. To prevent a decrease 
in the load capacity of springs at elevated temperatures, HAVEN 
utilizes springs composed of inconel alloy X-750. Alloy X-750 is a 
nickel-chromium alloy that can be strengthened through 
precipitation (Mamiya et al., 2016). It is commonly utilized for 
its ability to resist corrosion and oxidation, as well as its 
exceptional strength at elevated temperatures. Alloy X-750 
exhibits exceptional characteristics even at extremely low 
temperatures, including cryogenic conditions (Wang et al., 
2013). The rationale for excluding alloy X-750 or any other 
Inconel alloy for components other than springs is due to its 
greater density in comparison to titanium alloys, which would 
lead to an overall increase in the mass of the sensor. The key 
characteristics and material distribution for each component used 
in HAVEN are summarized in Table 1.

3 Results

3.1 Structural modal launch analysis

The choice of launch vehicle is a crucial factor in determining 
the launch scenario. The Falcon Heavy launch vehicle, provided by 
SpaceX, is being considered as the prospective launcher for this 
mission (Jozič et al., 2020; Brake, 2019; Base, 2011). As per the 
specifications of the Falcon Heavy launcher, the secondary structure 
must not have any resonance frequencies lower than 35 Hz. The 
primary objective of modal frequency analysis is to engineer the 
structure in such a way that it does not experience resonance caused 
by any possible driving frequency. Alternatively, the design must be 
able to tolerate the temporary resonance that may be generated. 
Figure 10a displays the simulation outcome for the first (lowest) 
mode of natural frequencies analysis for HAVEN. Based on the 
outcome, the minimum frequency mode is roughly 5.236 Hz. Since 

FIGURE 9 
(a) Spinner - 30° side slope, (b) Spinner - 30° side valley, (c) Spinner - 30° front valley and (d) Spinner - Obstacle >0.35m., (e) Spinner detecting a 
pothole greater than 0.35 m in depth and greater than 0.1 m in width.

TABLE 1 Key characteristics of antenna module.

Materials Ti-SF61 Ti6Al4V Inconel alloy 
X-750

Components Frame 
structure

Gears Springs

Outer cover Shafts

Pusher Torque limiters

Spinner Inner cover
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this value falls below the launcher requirement of at least 35Hz, it is 
deemed unacceptable.

Therefore, it is necessary to offer assistance to the pusher (at the 
front) and spinner (at the bottom) during launch in order to enhance 
the safety factor. Figure 10b depicts the outcome of the lowest mode 
of HAVEN when it is given support during launch. The obtained 
value (104.7 Hz) exceeds the specified requirement. The support 
condition on the pusher and spinner in the second modal analysis is a 
rudimentary constraint incorporated into the finite-element model 
to simulate the mechanical restraint offered by launch-lock fixtures 
or stowage brackets during ascent. This boundary condition pertains 
not to the operational design on the surface of Venus but to a 
simulation method for assessing the structure’s ability to meet the 
launch vehicle’s frequency requirement (35 Hz) under optimally 
supported conditions. The simplified rigid constraint will be replaced 
by interface-stiffness elements that replicate the compliance of 
realistic fixtures in future endeavors, followed by experimental 
modal tests of the HAVEN-rover interface to verify that the first 
natural frequency meets the launch requirement.

The displacement data are visualized using a color contour plot. 
The significance of modal displacement data lies in their ability to 
illustrate the distorted configuration of the structure for each mode 
of vibration. The absolute magnitudes of the modal displacements 
do not accurately reflect the actual deflection of the structure during 
vibration. The modal displacements are unscaled with respect to any 
particular excitation. The values are normalized, ensuring that the 
highest displacement is consistently one length unit, while the 
minimum displacement is consistently zero. The range spans 
from zero to one length unit for each model and vibration mode. 
The legend displays the natural frequency and mode number 
corresponding to the currently shown distorted shape.

3.2 Quasi-static launch analysis

The study employed a progressively coupled methodology to 
assess HAVEN under the conditions of the Venusian surface. The 

designated temperature for all wet external surfaces was 730 K, whereas 
the suggested temperature for internal or shaded surfaces protected 
from conduction by adjacent components was 580 K. This resulted in 
through-thickness gradients in racks, housings, and the scotch-yoke 
slider. The thermal contacts exhibited a baseline thermal contact 
conductance (TCC) of 2,000 W·m−2·K−1. A sensitivity 
of ±1,000 W·m−2·K−1 resulted in peak gradients changing by under 
5%. Radiative exchange was neglected due to the dense CO2 

atmosphere, and convection was not employed as external 
temperatures were directly applied. The resultant nodal temperature 
field was transmitted to the structural phase. Procedure for 
organization. The imported temperature field induced thermal 
stresses by utilizing temperature-dependent parameters for Ti-SF61, 
Ti-6Al-4V, and Inconel X-750 (E(T), α(T), σγ(T); v was treated as 
moderately temperature-dependent and maintained at the mid-range 
of the datasheet). An unchanging external pressure of 9.2 MPa was 
exerted perpendicular to all external surfaces exposed to the 
environment. The gravity of Venus, measured at 8.87 m·s−2, was 
considered. Contacts were established as surface-to-surface with 
limited sliding and penalty normal stiffness; dry friction coefficient 
μ = 0.2. The HAVEN-to-rover interface was optimized with the 
implementation of a standard 3-2-1 constraint scheme over three 
mounting pads. Curved stress concentrators employed quadratic 
tetrahedra; prismatic sections utilized a global size of 2.5–4 mm. 
Mesh refinement persisted until the peak von Mises stress and 
critical contact pressure exhibited variations of less than 5% upon 
halving the local element size. The reported outputs include peak von 
Mises stress compared to σγ(T) with designated safety factors, interface 
reaction forces, and tip deflections at the detecting assembly. A 
comprehensive thermo-mechanical spot-check on a smaller 
subassembly indicated that the peak stress results were within 3% 
of one another. Future endeavors will involve expanding the fully 
linked methodology to encompass the entire assembly and 
incorporating transient heating patterns.

The act of launching results in the most substantial loads on 
structures. Other events, like as pre-launch preparations and payload 
separation, can also be crucial and essential for certain portions of the 

FIGURE 10 
(a) Result of lowest mode of modal launch analysis and (b) Improved result of lowest mode of modal launch analysis.
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structure. Quasi-static launch analysis is conducted to assess the stress 
level on HAVEN caused by acceleration loads. The study is primarily 
concerned with two crucial parameters: structural deformation, which 
measures the extent of change in the parts of the structure, and Von- 
Mises stress, which quantifies the stress tensor. Table 2 displays the 
loads that are exerted during the launch of the Falcon Heavy launcher, 
as per its requirements. Figure 11a depicts the structural distortion of 
the pusher. The pusher’s side edges experience a maximum 
displacement of 10.53 mm. Figure 11b depicts the structural 
distortion of the spinner. The spinner experiences a maximum 
displacement of 1.6 mm specifically in the corners where it bends. 
Figure 11c displays the structural distortion of the exterior cover of the 

mechanism box. The pusher support extender is where the largest 
displacement of 24.44 microns occurs. Figure 11d depicts the structural 
distortion of the truss structure and the constituent elements of the 
mechanism box. The front side has a maximum displacement of 
9.6 microns. Figure 11e displays the safety factor included in the design 
of HAVEN for launch conditions. The upper limit for the mechanism 
box is 15, while the lower limit for the spinner’s wheel is around 1.9. 
Figure 11f displays the Von Mises stress of the HAVEN design under 
launch conditions. The bottom of the spinner, where it is limited, 
generates a maximum of 449.9 MPa. The quasi-static assumptions 
employed to assess structural integrity and safety considerations during 
launch and Venus-surface stress were regarded as instances of first- 
order screening. This is appropriate for (i) prolonged accelerations 
during launch, and (ii) persistent heat and pressure loads on the surface 
of Venus that contribute to creep risks, clearances, and the 
redistribution of long-term stress. While transient loads may occur, 
the HAVEN transmission integrates specialized overload-controlling 
mechanisms, such as ball-detent torque limiters, compliant springs on 
the detecting train, and a dog clutch, all designed to restrict transmitted 
torque/force and effectively prolong contact duration, thereby 
diminishing peak stress. Subsequent effort entails a comprehensive 
transient impact study acknowledged to transpire whenever the design 
advances to TRL-3 and above.

3.3 Venusian atmospheric thermal 
stress analysis

The composition of Venus’ atmosphere is predominantly 
carbon dioxide, accompanied by clouds composed of sulfuric 

FIGURE 11 
(a) Structural deformation – pusher, (b) Structural deformation – spinner, (c) Structural deformation - Outer cover, (d) Structural deformation - truss 
structure and components, (e) Safety factor of HAVEN w.r.t launch analysis and (f) Von Mises stress during launch.

TABLE 2 Risk register for HAVEN.

Components Likelihood 
(L)

Severity 
(S)

L*S

Bevel gears B 2 Very low

Spur gears B 2 Very low

Torque limiter A 3 Very low

Slider mechanism B 3 Low

Scotch yoke mechanism B 3 Low

Rack and pinion 
mechanism

C 3 Low

Pusher C 3 Low

Spinner D 3 Medium
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acid droplets (Hunten, 2007; Krasnopolsky and Parshev, 1981). 
The dense atmosphere effectively retains the Sun’s thermal 
energy, leading to surface temperatures exceeding 470 °C 
(880°F) and a pressure of around 93 bar (9.3 MPa), which is 
comparable to the pressure experienced at a depth of 900 m 
underwater on Earth (Teffeteller et al., 2022; Warren and Kite, 
2023). The aforementioned circumstances were simulated using 
HAVEN to assess its resilience in the Venusian environment. An 
integrated thermal stress analysis was conducted on HAVEN, 
encompassing both static stress analysis and thermal analysis. It 
aids in comprehending the displacement within components 
caused by elevated pressure and temperature, as well as 
determining if the design incorporates a specific safety margin. 
Figure 12a displays the simulation outcome of the load case 
scenario. The spinner has a maximum movement of 12.67 mm, 
while the pusher shows an approximate displacement of 3 mm. 
Figure 12b illustrates the impact of temperature stress on the 
exterior cover of the mechanism box. The front side exhibits a 
maximum displacement of 9.294mm, while the left and right sides 
show an approximate displacement of 6 mm each. Figure 12c
displays the outcome of the thermal stress analysis simulation 
conducted on the truss construction. The left and right side 
X-connection bars exhibit a maximum displacement of 
3.393mm, while the remaining X-connection bars show a slight 
displacement of 1.5 mm. Figure 12d illustrates the impact of the 
Venusian environment on the interior covering of the mechanism 

box. An observed maximum displacement of 3.4 mm is present on 
the front side as well as the left and right sides.

Figures 13a,b depict the simulation results of thermal stress 
study conducted on the gears of the mechanism box. The analysis 
reveals a maximum displacement of 3.65 mm on the bevel gear and 
spur gear located on the top side, as well as on the gear connected to 
the pusher on the front side. Figure 13c displays the safety factor for 
the HAVEN design, which has been determined by modeling in the 
Venusian environment. The pusher and spinner exhibit a factor of 
safety of 8 or greater, but certain sections of the outer cover have a 
factor of safety of 1, and the rest of the outer region has a factor of 
safety ranging from 1 to 3. The safety factor for the truss structure 
ranges from 3 to 6, while the inner mechanisms have a safety factor 
greater than 6, as depicted in Figure 13d.

4 Discussion

4.1 Technology readyness level

Technology Readiness Levels (TRL) are a measurement system 
utilized to evaluate the level of maturity of a certain technology 
(Olechowski et al., 2020; Olechowski et al., 2015; Mankins, 1995). 
Every technology project undergoes an assessment based on the 
criteria for each technology level, and subsequently receives a TRL 
grade depending on its progress. There exist nine categories of 

FIGURE 12 
(a) Thermal stress analysis on HAVEN, (b) Thermal stress analysis on outer cover of mechanism box, (c) Thermal stress analysis on truss structure and 
(d) Thermal stress analysis on inner cover of mechanism box.
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FIGURE 13 
(a) Thermal stress analysis on gears of mechanism box-1, (b) Thermal stress analysis on gears of mechanism box-2, (c) Safety factor of HAVEN w.r.t 
Venusian atmosphere −1 and (d) Safety factor of HAVEN w.r.t Venusian atmosphere −2.

FIGURE 14 
Risk identification guidelines.
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technology readiness. TRL 1 represents the minimum level of 
technology readiness, whereas TRL 9 signifies the maximum level 
of technology readiness (Smoker and Smith, 2007; Jimenez and 
Mavris, 2014; Yu et al., 2021). The TRL for HAVEN is currently at 
TRL 3. This article presents a proof-of-concept for HAVEN, which 
is meticulously designed and includes both analytical and 
experimental important features. The risk will be evaluated based 
on its probability (L) and magnitude (S), which might range from 
extremely low (green) to very high (red). The determination of 
whether a risk is deemed acceptable or not is made according to the 
risk assessment guidelines established by ECSS. Figure 14 displays 
the risk register for components utilized in the HAVEN system. 
Based on the data presented in Table 2, it can be concluded that the 
likelihood of a subsystem failure is quite low, however the 
probability of a mission failure is extremely low.

4.2 Technical budgets

To comprehend the intricate composition and magnitude of 
HAVEN’s structure, the mass budget was dissected into its 
constituent components, as outlined in Table 3. The budget 
specifies a mass of 2.753kg, which includes a 5% margin. Given 
that this is an initial design, the mass can be minimized to meet the 
necessary requirements during the critical design stage by utilizing a 
form optimization technique.

This paper employs a mass-based cost estimating relationship 
(CER) as a first-order approximation cost model for evaluating TRL- 
3 principles in the cost analysis given. Machining hours, tolerance 
classifications, and the development of high-temperature alloy 
fittings are among the manufacturing and procurement details 
that remain unavailable at this stage of maturity. The estimate 
thus provides a coefficient cost scaling rather than a definitive 
projection of the development cost. Despite introducing 
uncertainty, it is beneficial in preliminary design evaluations and 
the identification of significant cost contributors, such as titanium 
alloy manufacturing and Inconel spring production. The cost 
framework mechanism will be implemented as HAVEN attains 
TRL-4 and TRL-5 stages. This will incorporate:

1. Pricing quotations for the machining of Ti-SF61 and Ti- 
6Al-4V.

2. Estimations of precise assembly and metrology articulated in 
labor-hours, conducted rigorous high-stress/high-pressure 
experiments in synthetic Venusian conditions, and

TABLE 3 Mass budget.

Components Mass (kg) Total mass Margin Total mass with margin

Truss structure 5.199 26.431 kg 5% 27.753 kg

Outer cover 4.254

Inner cover 1.733

Gears 3.983

Torque limiters 0.81

Shafts and supports 1.498

Pusher 3.452

Spinner 4.649

Fasteners 0.853

TABLE 4 Mass budget.

Stages Cost Total cost Margin Total cost with margin

TRL 4 $ 9660 $ 72,450 30% $ 94,185

TRL 5 $ 12,075

TRL 6 $ 14,490

TRL 7 $ 16,905

TRL 8 $ 19,320

TABLE 5 Requirement of output force for HAVEN.

Input shaft parameters Requirement of output 
force

25 N 50 N

Shaft diameter 12.7 mm 12.7 mm

Power 1 W 1 W

Speed 51 rpm 72 rpm

Toruqe 0.1872 N.m 0.1326 N.m
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3. There are overheads associated with quality assurance and 
systems engineering.

This data will facilitate the development of a bottom-up cost 
model with an associated range of uncertainty, as opposed to the 
current CER. The optimized model will assess the influence of 
technical trades involving material substitutions, tolerance 
relaxation, or simplified gear trains on life-cycle cost and 
manufacturability. The mission cost was evaluated via cost 
estimating relationships (CERs), which rely on historical data as 
documented in the NASA Cost Handbook. The initial cost for the 
development of HAVEN was determined using Equation 1. 

Cost � a *Massb a � 3.44 and b � 0.55 (1)

Table 4 displays the itemized cost budget estimates categorized 
by TRL stages, taking into account material cost, manufacturing 
cost, AIT cost, and labor cost.

The requirements for input shaft for HAVEN (output shaft from 
rover) is shown in Table 5. Requirements shown in table are based 
on the output force require to push reverse drive pin of rover. Hence, 
just by varying a speed parameter, the design can achieve different 
output force.

Rapid actuation and the presence of barriers may induce 
transient stresses that were not accounted for in the quasi-static 
analysis. HAVEN was engineered to mitigate these effects through 
mechanical design: the ball-detent torque limiters facilitate 
automatic decoupling when transmitted torque surpasses a 
predetermined threshold; the compression springs in the pusher/ 
spinner and the rack offer compliance that extends interaction time 
and diminishes peak forces; and the dog clutch guarantees positive 
engagement occurs solely upon command, thereby eliminating 
transients caused by slipping. These mechanisms collectively 
establish a sequence of sequential mechanical fuses and 
conditioners that limit impulse transmission to the mechanism 
box and the rover drive. The future scope is to enhance the 
current findings by: (i) developing a lumped-parameter single- 
degree-of-freedom model of the pusher/spinner–rack–slider train 
to constrain impact forces through impulse–momentum and 
contact-stiffness assessments; (ii) conducting explicit transient 
finite-element simulations of typical impact scenarios that 
incorporate the torque-limiter disengagement logic; and (iii) 
performing targeted bench tests of subassemblies utilizing 
instrumented hammer/pendulum impacts and heated fixtures, to 
ensure that recorded peak loads remain below the torque-limiter 
disengagement threshold and within material limits at elevated 
temperatures. These actions will directly influence limiter set- 
points, spring preloads, and clutch engagement geometry before 
TRL-4/5 testing.

5 Conclusion

A novel HAVEN concept has been presented, a completely 
mechanical system designed for hazard avoidance and vehicle 
navigation for AREE’s Venus rover concept. The system comprises 
a rack-and-pinion detection assembly and a multi-stage mechanical 
logic/drivetrain, including torque limiters, a dog clutch, spur and 

bevel gears, and a scotch-yoke, capable of functioning without 
electronics at around 730 K and 9.2 MPa. We established 
detection thresholds (rocks ≥0.35 m; slopes ≥30°), selected 
materials such as Ti-SF61, Ti-6Al-4V, and Inconel X-750, and 
provided preliminary finite element analysis under launch and 
Venus surface conditions. This facilitated a TRL-3 assessment with 
established risk, mass, and cost parameters. Subsequently, the future 
scope is to (i) execute Venus-analog subassembly testing to TRL-4 
(thermal/pressure cycling, abrasion, high-temperature tribology), (ii) 
undertake transient/contact finite element analysis and endurance 
tests to calibrate limiter set-points and dog-clutch engagement across 
varying temperatures, (iii) finalize tolerance and manufacturability 
assessments for titanium/Inconel components and coatings, and (iv) 
perform integrated analog-terrain trials to measure obstacle and slope 
detection, false-trigger rates, and recovery sequences, followed by 
interface testing at the HAVEN–rover boundary. These approaches 
will mitigate risk, establish performance thresholds, and advance the 
architecture towards readiness for missions that do not require 
electronics in extreme environments.
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