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Abstract 

The 2012 Decadal Survey has stated that there is a critical role for a Venus In-situ Explore (VISE) 

missions to a variety of important sites, specifically the Tessera terrain. This work aims to answer the 

Decadal Surveyôs call by developing a new comprehensive Entry, Descent, Landing, and Locomotion 

(EDLL) vehicle for in-situ exploration of Venus, especially in the Tessera regions. 

TANDEM, the Tension Adjustable Network for Deploying Entry Membrane, is a new planetary probe 

concept in which all of EDLL is achieved by a single multifunctional tensegrity structure. The concept uses 

same fundamental concept as the ADEPT (Adaptable Deployable Entry and Placement Technology) 

deployable heat shield but replaces the standard internal structure with the structure from the tensegrity-

actuated rover to provide a combined aeroshell and rover design. The tensegrity system implemented by 

TANDEM reduces the mass of the overall system while enabling surface locomotion and mitigating risk 

associated with landing in the rough terrain of Venusôs Tessera regions, which is otherwise nearly 

inaccessible to surface missions. 

TANDEM was compared to other state-of-the-art lander designs for an in-situ mission to Venus. It 

was shown that TANDEM provides the same scientific experimentation capabilities that were proposed for 

the VITaL mission, with a combined mass reduction for the aeroshell and lander of 52% (1445 kg), while 

eliminating the identified risks associated with entry loads and very rough terrain. Additionally, TANDEM 

provides locomotion when on the surface as well as a host of other maneuvers during entry and descent, 

which was not present in the VITaL design. Based on its unique multifunctional infrastructure and excellent 

crashworthiness for impact on rough surfaces, TANDEM presents a robust system to address some of the 

Decadal Surveyôs most pressing questions about Venus. 

 

  



 

 

A Comprehensive Entry, Descent, Landing, and 

Locomotion (EDLL) Vehicle for Planetary Exploration 

Kevin Schroeder 

General Audience Abstract 

NASA has proposed the possibility of performing a robotic mission to Venus in this upcoming 

decade. This could be NASAôs first attempt to design a robot that is capable of landing on the surface of 

our solar systems hottest planet. Venus presents a great exploration opportunity, as it is our closest planetary 

neighbor. Venus is similar to Earth in both size and location in the solar system, yet it is profoundly different 

in many other aspects regarding habitability. There is a significant scientific interest in exploring the 

mysteries of the greenhouse gases and runaway climate change present in the Venusian atmosphere. 

Understanding Venusô atmosphere will help us to increase our knowledge of Earthôs atmosphere. Exploring 

the difference in these two planets will greatly further our intuition of other planetary systems and will aid 

in our search for life in the universe. Yet, exploring Venus presents a number of severe engineering 

challenges: the extreme temperature and pressure at the planet's surface, the highly corrosive atmosphere, 

and lack of terrain resolution caused by the dense permanent cloud layer.  

 In order to address these engineering challenges, a new ultra-lightweight planetary probe has been 

invented. TANDEM, the Tension Adjustable Network for Deploying Entry Membrane, is unique in its 

design as it has combined all of the subsystems in needs to safely land on the surface into a single 

lightweight, multifunctional structure. This enables the design to be nearly 1.5 metric tons lighter than the 

same mission that was proposed in 2010 using the current state-of-the-art technologies. Based on this and 

other unique capabilities that are provided, TANDEM presents a robust system to address some of NASAôs 

most pressing questions about Venus. 
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Preface  

The demand to explore where we have never explored requires the development of new technologies 

that enable landed science in hard to reach locations. As a result, contemporary Entry, Descent, Landing, 

(EDL) and additional locomotion (EDLL) profiles are becoming increasingly more complex, with the 

introduction of lifting/guided entries, hazard avoidance on descent, and a plethora of landing techniques 

including airbags and the skycrane maneuver. The inclusion of each of these subsystems into a mission 

profile is associated in many cases with a substantial mass penalty.  

The objective of this research was to develop and examine an alternative concept for planetary 

Entry, Descent, and Landing for future missions to Venus, and compare it to the current state of the art EDL 

systems. In order to evaluate the merit of the any alternative method, it was decided that a study of previous 

missions to the Venusian surface as well as contemporary mission concepts should be performed. From this 

investigation a Baseline mission design should be developed to measure the alternative design against. The 

Baseline mission discussion was based on work submitted to the Journal of Spacecraft and Rockets [1]. 

This dissertation explores the new all-in-one entry vehicle concept known as the Tension Adjustable 

Network for Deploying Entry Membrane (TANDEM). This work was initiated as a phase I NIAC study [2] 

and was reported in a manuscript submitted the Journal of Spacecraft and Rockets [3]. The proposed system 

is lightweight and collapsible and provides the capacity for lifting/guided entry, guided descent, hazard 

avoidance, omnidirectional impact protection and surface locomotion without the aid of any additional 

subsystems.  

To the authorôs knowledge, TANDEM is the first in a new class of planetary probes, which will be 

referred to in this dissertation as an EDLL vehicle. The EDLL vehicle is a single comprehensive vehicle 

that combines the infrastructure used for the EDL as well as on-the-ground Locomotion into a single 

multifunctional system. Reusing the same active infrastructure for every segment of the mission makes 

TANDEM an efficient and versatile systems for medium to large size payloads. This efficiency translates 

directly to longer mission lives, increased scientific payload, and/or a reduction in mission cost and total 

mass of the whole mission.  

TANDEM is a tensegrity rover designed to also be the frame of a deployable heat shield. TANDEM 

uses the same TPS material as the well-established concept, ADEPT [4ï8], but replaces the internal 

umbrella-style rib structure with an active tensegrity-actuation. This provides the same benefits as ADEPT 

(i.e. low ballistic coefficient, lower entry g's, smaller launch vehicle (LV), larger payloads, etc.) while 

seamlessly integrating the multifunctional tensegrity infrastructure. Coupling these two innovative ideas in 

a single design produces significantly more advantages than either concept has separately.  
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Tensegrity actuated deployable heat shields have been proposed before [9,10] as have tensegrity 

lander/rovers [11ï13]. But to date no one has presented a unified vehicle where one underlining tensegrity 

structure is capable of handling all of entry, decent, landing, and locomotion (EDLL). The systems level 

design approach to the EDLL sequence is what makes TANDEM unique. In most planetary probe concepts, 

each leg of the sequence is handled by a separate system; the heat shield is unrelated to the landing 

mechanism and the payload (i.e. the rover or the lander) is typically considered dead mass until it has 

actually landed on the surface. In TANDEM, everything is connected to an actively controlled tensegrity 

frame so that the systems used for landing and locomotion are also utilized in entry and descent. This frame 

brings a new level of controllability to the EDLL sequence without increasing complexity or mass by 

introducing multiple subsystems for each step in the EDLL sequence. Figure 1 depicts the vehicle in a 

stowed (a) and deployed (b) configuration. 

   

                            (a)                                                                              (b)  

 

Figure 1   The TANDEM Concept (a) stowed vehicle with entry membrane and backshell (b) 

deployed vehicle with the carbon fabric of the backshell hidden 

 

This work will include investigations from each of segment of the EDLL sequence, with a heavier 

focus applied to the impact analysis and crashworthiness of the vehicle, as that is the mission critical design 

feature required to perform landed science in the Tessera region. In order to show the merit of the TANDEM 

concept a direct comparison will be made between it and the heritage design of the Venera Landers. The 

following summarizes the primary objectives for this research 

1. Performed investigation of the mechanical design of the original Venera Landers and provided 

insight into the design  

2. Developed a methodology for the rapid design of a Venera Class Lander for future missions to 

Venus 

3. Explored the capabilities and feasibility of the TANDEM concept as an EDLL vehicle 
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4. Performed extensive impact analysis to ensure mission success in unfavorable landing conditions 

(i.e. safe landing in Tessera regions) 

5. Developed a detailed design of TANDEM for a conceptual mission to Venus 

Dissertation Map 

The present dissertation aims to provide an overview of the progress made, results found, and 

methodologies used in to develop the TANDEM concept. A thorough description of each step in the 

investigation is presented. The work is organized as follows: 

Chapter 1 ï Introduction of the fundamental technologies that enable the TANDEM concept or will 

be used as a benchmark to compare against. Past missions to Venus as well as two 

proposed mission architectures are discussed. Tensegrity structures are defined and 

introduced. 

Chapter 2 ï An up-to-date investigation of the design of the USSRôs Venera Landers and the 

development of a new Baseline Venera Class lander design to compare the newly 

invented TANDEM concept against 

Chapter 3 ï An introduction of the fundamentals of the TANDEM concept is provided. The 

fundamental technologies that are desired for an extended in-situ mission on the surface 

of Venus. 

Chapter 4 ï The development of a Systems Analysis Tool for the rapid investigation of the EDLL 

design space is discussed. An overview of the implementation of a 3-DOF flight 

mechanics code with incorporated modules for hypersonic aerodynamics, 

aerothermodynamics, and vehicle configuration control is provided. 

Chapter 5 ï The development of impact modeling methodology is discussed. A series of physical drop 

test are described and their results are used to validate the developed modelling 

methodology. With the model validated a large parametric impact analysis was 

performed to demonstrate TANDEMôs omnidirectional protection. 

Chapter 6 ï Description of three types of control strategies used and a discussion of the selected 

methodology for advanced gait development 

Chapter 7 ï Overview of a detail design of a TANDEM vehicle for a conceptual mission to a Tessera 

region on Venus is discussed. The detailed design is compare against 3 alternative 
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designs using the current state of the art technologies to measure the merit of TANDEM 

as a planetary probe. 

Conclusions, Contributions, and Continuing Work 
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Chapter 1 

Introduction and Background 

 

The 2012 decadal survey has listed Venus as a candidate for a New Frontiers missions [14]. This 

marked a new increase in interest in sending a mission to Venus. Venus presents a great exploration 

opportunity, as it is our closest planetary neighbor. Venus is similar to Earth in both size and location in the 

solar system, yet it is profoundly different in many other aspects regarding habitability. The Venusian 

atmosphere is considerably thicker than that of Earth. While the pressures and temperatures above its dense 

cloud layers are relatively benign, beneath them the temperatures and pressures begin to spike. In the last 

100 km to the surface, the temperatures jump from approximately 100 K to 750 K. At the surface the 

atmospheric pressure is approximately 

92 bars. The extreme temperature raise 

is caused in part by a phenomena know 

as runaway green house. There is a 

significant scientific interest in 

exploring the mysteries of the 

greenhouse gases and runaway climate 

change present in the Venusian 

atmosphere. Understanding how 

Venusô atmosphere came to be the way 

that it is will help us to understand our 

own atmosphere better. Understanding 

the difference in these two planets will 

greatly assist our understanding of 

other planetary systems and will aid in 

our search for life in the universe. 

Figure 2 shows the basic structure of 

Venusô atmosphere with a temperature 

versus altitude relationship. 
Figure 2   Fundamental atmospheric structure of Venus 

overlaid with a temperature versus altitude plot 
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However, Venusô atmosphere also presents a number of severe engineering challenges. The 

extreme temperature and pressure at the planet's surface drastically complicate the design of a lander as 

very few electrical and electro-mechanical devices can operate at these conditions. Additionally, the 

atmosphere of Venus is highly corrosive. On top of the trace elements in the atmosphere, such as SO2, HF, 

and HCl, over 96% of the atmosphere near the surface is comprised of supercritical CO2 which is itself a 

powerful solvent [15]. Finally, although nearly the whole surface of Venus was mapped in the Magellen 

mission, the dense permanent cloud layer of Venus has drastically limited the topology resolution. The data 

from Magellanôs Synthetic Aperture Radar (SAR) has a resolution of only 2 km [16]. Despite these 

challenges the Decadal Survey has stated, ñThere is a critical future role for additional [Venus In-Situ 

Explorer type] missions to a variety of important sites, such as Tessera terrain.ò  

 

Figure 3   Samples of Venusô Tessera Terrain (a) Lakshmi Region 30ÁN, 333.3ÁE [17]  

(b) Alpha Regio 25°S, 357°E [18] (c) Eistla Regio 1°S, 37°E [19] 
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The Tessera regions are an unexplored mountainous regions scattered throughout Venus. The 

Tessera regions, which comprise approximately 8% of the total surface of the planet, are believed to be the 

oldest regions on the planet and can provide insight into the first 80% of the planetôs history [20]. Due to 

the current resolution of Venusian maps, it can be hard to predict to the roughness of these landscapes at 

the meter scale, but on the kilometer scale a clear grid or tiled pattern can be seen. The tiled landscape is 

seen in its most iconic form in Fig. 3(a), but other Tessera regions exist which are more ñchaoticò in shape 

as seen in in Fig. 3(b) and (c). This tiled patterned is what gave the landscape its name, Tessera, which is 

also the name of an individual tile of a mosaic.  

This work aims to answer the Decadal Surveyôs call by developing a new comprehensive Entry, 

Descent, Landing, and Locomotion (EDLL) vehicle for in-situ exploration of Venus, especially in the 

Tessera regions. A new in-situ explorer would be the first planetary probe designed to preform experiments 

on the surface of Venus since the Soviet Unionôs Vega mission 1985 [21]. A brief sampling of the broad 

scope of these concepts are presented at the start of Chapter 2, while a more in-depth overview of the most 

applicable architectures will be the focus of  the remainder of this chapter. 

The Venera Missions 

The Soviet Union had 18 mission to take on the title, ñVeneraò including the two VeGa (Venera & 

Galileo) missions [22,23]. Despite these significant challenges, the Soviet's Venus campaign, Venera, 

continued to send probes to Venus [24] (see Fig. 4). In 1970 the Venera 7 became the first spacecraft to 

successfully land on the surface of Venus [25]. The data from Venera 7 was used to inform a number of 

improvements made to the probe design for future missions. When the Venera 9 and 10 missions were 

launched in 1975 and entirely new lander had been designed [26]. Unlike the previous probes from the 

Venera campaign which were focused on analyzing the atmospheric properties as they descended, the new 

Venera lander was designed to perform various additional scientific experiment on the surface. Of the 18 

Venera missions, Venera 9-14 and VeGa 1 & 2 all used the same basic architecture that was developed for 

Venera 9 and 10 missions, albeit with some minor alterations.  

The probe entered the atmosphere at 10.7 km/s, encapsulated in a 2.4 m spherical heat shield. After 

a series of parachutes, the lander was extracted from its heat shield and its speed was reduced to below 50 

m/s. At this point, the lander and its payload became exposed to ambient condition and although the 

temperature at this altitude is several hundred degrees less that the temperature at the surface, it was 

important to get the lander to the surface quickly before the payload was compromised by the high 

temperatures. A three-domed parachute was deployed to slow the descent through the cloud sheet for 

atmospheric readings but was released as soon as the lander had fully passed through cloud layer. Because 
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there was a significant increase of the atmospheric density in the last 50 km to the surface, the lander was 

able to quickly decelerate in free fall to approximately 7 m/s [27]. 

 

Figure 4   Venera 9 lander [24] 

 

 Despite some technical difficulties, the 9 Venera Landers (the in-situ probes from Venera 7-14 and 

VeGa 1 and 2) were very successful. From this campaign the landers were able to sample and analyze the 

soil composition, inspect the surface hardness, and photograph the landscape [28ï31]. However, due to 

technology limitations from the 60ôs 70ôs and 80ôs when these missions were flown, the quantity and quality 

of the data collected leaves many scientific questions unanswered. Additional in-situ missions will be 

required to provide a more complete understanding Venus and its history. 

Venus Intrepid Tessera Lander 

The 2012 Decadal Survey had a mission developed by NASA Goddardôs Architecture Design Lab 

(ADL) to show the feasibility of exploring the Tessera Region. This New Frontierôs sized mission concept, 

known as the Venus Intrepid Tessera Lander (VITaL) [20], was designed for a launch in November of 2021. 

The VITaL is a Venera Class design, meaning that its lander geometry uses the same fundamental design 

utilized by the latter Venera and VeGa missions. The VITaL design is shown in Fig. 5. 
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Figure 5   The Venus Intrepid Tessera Lander (VITaL) design [20] 

The probeôs science suite was equipped to address the key science objectives presented by the 

Decadal Survey for a mission to Venus and specifically for a Venus In-Situ Explorer (VISE) mission. The 

science goals of the VITaL mission, as reported by Gilmore et al., are as follows [20]: 

1. Characterize chemistry and mineralogy of the surface 

2. Place constraints on the size and temporal extent of a possible ocean in Venusôs past 

3. Characterize the morphology and relative stratigraphy of surface units 

4. Determine the rates of exchange of key chemical species (e.g., S, C, O) between the surface and 

atmosphere 

5. Determine whether Venus has a secondary atmosphere resulting from late bombardment and the 

introduction of significant outer-solar system materials, including volatiles 

6. Characterize variability in physical parameters of the near surface atmosphere (pressure, 

temperature, winds, radiation)  

7. Place constraints on current levels of volcanism 

8. Measure ambient magnetic field from low and near-surface elevations 

To achieve these diverse scientific goals, VITaL used primarily high TRL instruments most of which 

leverage heritage from various exploration missions. These instruments, how they relate to the science 

objectives, and their TRL estimate reported by from Gilmore et al. [20] are summarized below in Table 1.  
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Table 1  Instrumentation on the VITaL l ander [20] 

Instrument Abbr. 
Mass 

(kg) 

Objective 

Contribution 
Reported TRL 

Neutral Mass Spectrometer  NMS 11 2,4,5,7 High 

Tunable Laser Spectrometer  TLS 4.5 2,4,7 High 

RAMAN/Laser Induced Breakdown Spectroscopy  LIBS 13 1,2,4 Medium 

Descent Imager - 2 1,3 High 

Magnetometer - 1 8 High 

Atmosphere Structure Investigation ASI 2 5 High 

Panoramic Imager - 3 3 High 

Context Imager - 2 1,2,4 High 

 

The instrument of interest is the Raman-LIBS spectrometer. This instrument has the lowest TRL of 

any of the other instruments selected for this mission. The Raman-LIBS is a two stage laser with a telescope 

that enables it to take in-situ mineralogy measurements of samples 2.5 m away from the lander. The optics 

of this laser are very sensitive and would require notable development and test to certify them for the 200 

g ballistic entry that was planned for the VITaL mission. For this reason the Decadal Survey listed the 

development of a high TRL Raman/LIBS instrument as one of the most significant challenges to the mission 

[14]. 

 The prime objective of VITaL was to sample and analyze the composition of the Tessera terrain 

[20]. The VITaL mission was designed to land near the equator in the Ovda Regio. Measurements from the 

Magellan mission have shown that the Tessera regions generally have slopes that range primarily from 5°-

10° at the kilometer scale [32,33]. However, this does not include smaller scale fault scarps and other ridges 

which are expected to be approximately 35° [34] or the local scale surface roughness which is expected to 

be on the order of 0.1 m [35]. 

Data collected from the Magellan mission was used to identify the primary structures of the Ovda 

Regio. It was found that the geological formations of this region is largely dominated by a criss-crossing of 

shallow, yet steep-walled troughs, known as ribbons, and geological folds. The ribbon pattern of the Ovda 

Regio is expected to be abrupt with wall heights on the order of 100 km and fault dip angles ranging from 

75° to 90° [36]. The geological folds in this region are more distributed on the order of 25 to 50 km wide 

with a spacing between peak from 5 to 15 km. It was predicted that the maximum crest to trough altitude 
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difference is 1 km. The sharpness of the peaks can be characterized by the interlimb angle which ranges 

from 157ï172° [36].  

In order to increase mission reliability, the 50 km by 150 km landing ellipse for the mission was 

selected to be in a relatively flat location, as seen in Fig. 6. This region has an average slope less than 5° 

[20] and contains fewer ribbon structures than many other areas in the Ovda Regio. The slopes presented 

in Fig. 6 are based on measurements taken from Magellan's Synthetic Aperture Radar (SAR) which has a 

resolution of 75 m/pixel [20]. As a result, these values are dominated by the macro-scale slopes of the 

geological folds and largely do not represent the steep, abrupt slopes of the ribbon structure, though the 

ribbon slopes present a larger risk to the mission. 

 

Figure 6   Landing ellipse for the VITaL mission: SAR image of the Ovda Regio was from [36] and 

macros-scale slopes in the landing ellipse derived from [20]  

In order to combat these challenges, VITaLôs design was specifically made in order to handle the 

hazardous landing conditions and steep slopes that may be encountered in Tessera regions. The VITaL 

lander employs a wider and heavier toroidal base than was used in the Venera missions to achieve a very 

low center of gravity and increase its landing stability. The baseline design of VITaL had a static tipping 

stability of over 72°. Despite this robust design the Decadal Survey still identified the surface roughness of 

the Tessera region to be the primary risk of the VITaL mission and deemed that the Tessera region can be 

ñviewed as largely inaccessible for landed scienceéò [14]. 
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Although the concept has not been selected for additional study beyond the initially commissioned 

work of the Decadal Survey, this mission concept serves as a benchmark that other concepts can be 

compared to. In this dissertation, much of the work developed for VITaL was used a foundations for the 

conceptual mission to Venus developed to show the merit of the TANDEM design for missions to 

hazardous environments. The instrumentation, thermal control system, and pressure vessel design from 

VITaL were all adapted to the developed vehicleôs design to ensure that both concepts could perform the 

same science. With both the VITaL and TANDEM mission concepts going to the same destination and 

carrying the same payload, a direct comparison of the two landers will be made. This will highlight the 

benefits of a tensegrity lander over the heritage design of a Venera Class lander. 

Advanced Deployable Entry and Placement Technology (ADEPT) 

As payload sizes for robotic missions to other celestial bodies are growing larger, new entry vehicles 

are being explored that can handle the larger payloads while still fittin g within existing LVs. Mechanically 

deployable heat shields open like an umbrella allowing them to be stowed at a small cross sectional diameter 

and then deployed for entry to produce a large drag area. The most notable mechanically deployable heat 

shield is the well-established ADEPT concept [4ï8].  

ADEPTôs thermal protection system (TPS) is comprised of a 3D-woven carbon fiber fabric The 

carbon fabric is a flexible skin that functions as both the TPS and the structural support that transfers the 

aerodynamic loads to the frame of the entry vehicle. This technology was extended for use in the current 

proposed EDLL vehicle concept such that it can provide the same benefits as ADEPT, while substantially 

reducing the vehicleôs. The fabric has been arc jet tested at Venus Entry conditions [37,38], and will be 

flying on a sounding rocket in September 2017 [39]. 

Beyond enabling larger scientific payloads to be flown, ADEPT has some significant benefits for the 

Venus entry environment. Traditional entries into the Venusian atmosphere, typically had very steep flight 

path angles ranging from approximately 20° to nearly 80° [40]. The flight paths used were largely due to 

the characteristics of the TPS material, which had a high density and high thermal conductivity. In order to 

minimize the mass of a vehicle using such a material, high entry flight path angles (EFPA) were used to 

increase the magnitude of the peak heat pulse while its duration was shortened. As the EFPA increased so 

did the peak deceleration of the vehicle. Thus the steep Venus entry is a limiting factor in the type and 

amount of scientific payload that can be include in a mission to Venus. Much of the scientific equipment 

that is desirable for an in-situ mission to Venus, like the Raman/LIBS Spectrometer, is not capable of 

surviving the 200-400 gôs experienced on entry with traditional entry vehicles.  
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In order to reduce the deceleration loads of the entry vehicle, a shallower EFPA must be used. This, 

however, presents a technology challenge, because as the EFPA decreases for a Venus entry the total heat 

load grows exponentially. This require a thicker heat shield and thus the mass of the entry vehicle increases, 

decreasing the payload mass fraction. While modern lightweight TPS concepts are now being developed 

which can enable rigid entry vehicles to enter at shallow EFPA [41], an alternative method to enable shallow 

entries is to decrease the vehicleôs ballistic coefficient (mass to drag area ratio). Lowering the ballistic 

coefficient also lowers the peak heat flux and total heat load of the due to entry.  

One method to achieve this lower ballistic coefficient is by using deployable entry vehicles like 

ADEPT. The low ballistic coefficient of ADEPT enables it to enter at EFPA close to the skip out angle, 

reducing the expected entry loads to well below 100 gôs. This expands the range of scientific equipment 

that can be included and reduces their expected mass by 10% - 25% by reducing their required structural 

reinforcements. This was seen in the ADEPT-VITaL mission study [4]. 

 The ADEPT-VITaL mission was a hybrid concept where the traditional entry vehicle for the VITaL 

mission was replaced by the ADEPT entry vehicle, as seen in Fig. 7. The design changed would raise the 

TRL of the Raman/LIBS instrument as it would no longer need to be certified for entry loads on the order 

of 30 gôs [4]. The inclusion of a mechanically deployable entry vehicle eliminated one of the biggest 

challenges of the VITaL mission, but it offers no benefit to the other key challenge of safely landing in the 

Tessera regions. This case study highlights the benefits of using a deployable entry vehicle for missions to 

Venus. Furthermore, a comparison of the TANDEM and ADEPT-VITaL mission will be performed to 

specifically highlight the compounding benefits of combining tensegrity landers with mechanically 

deployable entry vehicles.  

 

              (a)                                                                                               (b) 

Figure 7 The ADEPT-VITaL concept houses the VITaL Lander inside an ADEPT entry vehicle 
[38], (a) stowed configuration (b) deployed 
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Tensegrity Robotics  

Tensegrity systems provide a non-traditional solution to many problems encountered in a space 

mission, such as size and mass constraints. Members of a tensegrity structures are classified as discrete 

structural elements which hold either a compressive or tensile load. Tensegrity structures distribute their 

loads through a network of tension cables while maintaining their shape through a set of discontinuous rods 

in compression. By isolating the loads in this manner, the mechanical complexity of the structure is reduced. 

Furthermore, the truss-like structure utilized by tensegrity systems lend themselves to lightweight designs. 

To avoid confusion, in this dissertation the terms bar, rods, and compression members are synonymous 

with each other, as are the terms cables and tension members.  

Because the tension network is incapable of supporting a compressive load, the truss-like structure 

must be developed in a predetermined, stable geometry that isolates the compressive loads to the 

compression members and the tensile loads to the tension network. This predefined stable geometry is also 

referred to as an equilibrium configuration. It is shown in Chapter 4 that the equilibrium configuration of a 

tensegrity structure can be found in terms of either the length ratios of all of the members (also referred to 

as the length coefficients) or the normalized internal force (also referred to as the tension coefficients). 

The term tensegrity was coined by Buckminster Fuller and is the conjunction of tensile and integrity 

[42]. Fuller is credited with bringing the concept into the engineering world from the world of structural art 

where it was largely pioneered by artist Kenneth Snelson [43]. Most of the traditional applications for 

tensegrity structures is in the field of civil engineering, with applications as domes [44,45], towers [46,47], 

and bridges [48ï50] to list a few. An image of the largest tensegrity bridge can be seen in Fig. 8. Additional 

information on classical tensegrities, their history, and a more complete list of applications consult the 

textbooks by Motro [51] and Skelton [52]. 

 

Figure 8   The Kurilpa Bridge, in Brisbane, Australia is the worldôs largest [50]  
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In the field of civil engineering, tensegrity structures are largely considered as static structures. 

However, tensegrity structures, as they are used in this dissertation, lend themselves well to smart or active 

structures. The design of other active structures can be complicated by stiff and rigid joints. These joints 

are typically the intersection of various load paths and as such are subject to large bending or shearing 

loads. Tensegrity structures eliminate these heavy joints by controlling the length of various tension 

members. As the tension network length coefficients are changed, the overall geometry of the structure can 

be changed from one equilibrium configuration to another [53]. This provides a robust method of actuate 

tensegrity structures into systems that can be stowed and deployed [54ï56] or even controlled to produce a 

tensegrity robot, which can walk, crawl, and/or roll on the ground [11,57,58].  

The NASA Innovative Advance Concepts (NIAC) research by Agogino et al. [59] and SunSpiral et 

al. [60] (for the Phase I and Phase II study respectively) largely pioneered the planetary exploration 

application of tensegrity robots. Their robot, known as the Spherical Under-actuated Planetary Exploration 

Robot ball (SUPERball), has demonstrated the excellent crashworthiness that can be obtained by spherical 

tensegrity robots.  

Similar robots can be designed to withstand impact speeds up to the robotôs terminal velocity. This 

enables the robots to safely explore significantly rougher terrain that other planetary explorers. With 

tensegrity robots, it is now feasible to explore cliff and other steep slopes without risking damage from 

rolling down the slope or off the cliff. This is an enabling technology in many ways. This technology is the 

key that opens up landed science in the Tessera regions. In this dissertation the versatility of tensegrity 

robotics was incorporated into the development of the new EDLL vehicle to provide it with unique and 

multifunctional capabilities.  
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Chapter 2 

Venera Class Landers 

 

 In an effort to set a benchmark that represents the current state-of-the-art for an in-situ mission to 

the Venusian surface, a number of existing proposed missions to Venus were investigated. Unlike the more 

frequently explored Mars, Venus is more suitable to alternative robotic exploration methods. The 

exploration of Mars to date can be broken into three basic categories: orbiter [61ï63], lander [64ï66], and 

rover [67]. These modes of exploration have been seen and proposed for Venus [31,68ï72], but Venusô 

dense atmosphere also makes balloons [73ï78], billows [79,80] flyers [81ï83], sailors [84], atmospheric 

probes [85], and other wind powered concepts [86] just as viable methods of exploring Venus. The white 

paper put out by the Venus Exploration Analysis Group (VEXAG) provides a good introduction and 

overview of the various types of missions that are foreseen for Venus exploration and the technologies 

required for these missions [87]. 

With all of these various methods of exploration, special attention was given to those that were 

most commonly proposed and those that had the highest TRL. The baseline design was down-selected to a 

lander concept and the most common design for a new Venus lander is the heritage design of the Venera 

Landers [20,88ï91]. The original Venera landers have been thoroughly investigated and reverse-engineered 

in this study to understand the key attributes in Venera Class of landers. Understanding the Venera landers 

design will add to the design of a new Venera Class benchmark landers for future missions to Venus.  

The primary structures of the Venera lander are analyzed as four distinct functional components. 

From top down, those four component are: the parachute canister and drag-plate, the payload module, the 

legs, and the impact ring. For simplicity's sake, the parachute capsule and the drag-plate are grouped into 

one component because although both components are necessary for descent, they do not add much to the 

structural response of the lander at impact. The payload module was comprised of a pressure vessel, an 

internal stiffener, the payload contained within it, and the insulation surrounding it. The payload module 

was roughly one meter in diameter, 80 cm diameter pressure vessel with the remaining thickness 

contributed to the insulation [26]. All the sensitive instruments were housed inside the spherical pressure 

vessel. Although the payload of each mission changed, the overall size and design remained constant. 
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Below the payload module is what many schematics label ñʇʦʩʘʜʦʯʥʦʝ ʫʩʪʨʦʡʩʪʚʦò which 

directly translates as ñlanding gear.ò In this work, the ñlanding gearò was further broken into two 

subcomponents: the legs and the impact ring. There were 18 legs that connected the payload module to the 

impact ring below. Unfortunately, credible and verified sources of information on the landing gear are very 

hard to come by. As a result, the resources available are typically secondary sources from western literature 

which contain some misconceptions as to how the landing gear performed and do not by themselves present 

a conclusive design of the landing gear [22,25ï27]. Both Bond [25] and Soediono [26] mention that legs 

were some type of shock absorber; while Ball [22], Keldysh [27], and many more make no mention of the 

legs. One original source, translated from Kosmichekie Issledovaniya, describe the legs as, ñrods, 

é[forming] a three-dimensional trussò [92]. 

To add to the ambiguity, none of the publically available schematics of the Venera and Vega landers 

show any internal components of the legs. However, due to their short length and small diameter it is likely 

that they were likely just rigid rods as described by Boiko [92] or a secondary energy absorbers used to 

isolate payload from much of the shock wave due to impact. The legs also provided the added benefit of 

keeping the payload module off the ground. Because a wide scale survey of Venus wasnôt preformed until 

NASAôs Pioneer Venus Mission in 1978, the topography of the surface was largely unknown [93]. Even 

today due to the thick cloud layer, the resolution of the mapped surface is relatively coarse. Topography 

data from Magellanôs Synthetic Aperture Radar has a resolution of approximately 2 km [16]. If the lander 

happened to impact on a very rocky terrain, the payload moduleôs pressure vessel would be susceptible to 

a penetration. Due to the extremely high pressure at the surface, even a small impact to the pressure vessel 

could lead to buckling of the pressure vessel which could damage or destroy the payload. The legs add 

clearance to the payload module to decrease the risk of penetration in this scenario. 

There is a consensus in the literature that the impact ring was a hollow metallic torus, designed to 

crush on impact. The crushing of the impact ring would convert much of the kinetic energy of the lander 

into plastic strain. Additionally, the impact ring had holes perforating the outer surface of the metallic shell. 

These holes, visible in Fig. 4, had several interesting characteristics. The obvious reason for these holes is 

to equalize the atmospheric pressure pushing on the outside of the ring with the internal pressure. But 

because of these holes allowed the ring to be filled with the dense atmospheric gases, when the impact ring 

was crushed, the high density fluid forced out of these holes added some viscous damping to the impact 

sequence.  

However, results from Avduevskii et al. conclusively showed that the impact ring did not crush for 

the Venera 13 & 14 missions [94]. Instead, they presented, ñSince the ground-based test showed that 

deformation of the landing device does not occur for the magnitude and character of the impact overloads 
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obtained in the course of the flight experimenté, one can consider to a first approximation that [the] lander 

is a rigid body interacting with a yielding soilé.ò Avduevskii et al. also show that the impact ring did crush 

when the landing surface was very stiff (e.g. cement foam). From this it can be concluded that the original 

landing gear of the Venera landers were designed with a variety of different impact surfaces in mind. For 

soft, sand-like impact surfaces, the lander behaved like a rigid body, allowing the soil to dissipate the impact 

energy. For surfaces that were stiffer but still yielded some, the impact ring would crush. It is possible (but 

unconfirmed) that for near rigid impact surfaces, the legs would also buckle to add an addition energy 

dissipation mechanism. This could be the shock absorber in the legs mentioned by both Bond [25] and 

Soediono [26]. 

Energy Absorbers 

 Energy absorbers can be classified as a mechanism used to dissipate or absorb energy. Classical 

energy absorbers use friction and damping as well as irreversible deformation [95]. The Venera landers 

likely utilized both classifications. Although both methods were viable options, each one presents a 

significant engineering challenge. Therefore, a variety of options were considered for the new baseline 

model.  

Viscous dampers could be used in the new Venera Class lander baseline, although a number of 

obstacles must be overcome for them to be used. The design of a viscous damper, such as a dashpot in the 

legs, would need to overcome the effects of the extreme temperature change. Within approximately one 

hour the fluid will transition from the temperature maintained in transit to the surface temperature, 

approximately 485oC. Under this variation most fluids will be subject to phase change, as well as change 

in specific volume, viscosity, and several other critical properties. 

 Alternatively, the new baseline design could implement irreversible deformation using landing 

legs; allowing the legs to plastically deformation/buckle on impact to provide a form of shock absorption. 

This mechanism would be significantly simpler to account for the temperature change and would be easy 

to predict analytically or computationally. However, deforming the legs is not the method chosen as it loses 

the added benefit of keeping the payload module off the landing surface. Using this mechanism would lead 

to a decrease in reliability of the lander and would increase the risk of pressure vessel impacting the surface.  

The hybrid mechanism used in the impact ring of the original Venera landers was a clever 

utilization the landers environment. While the original impact ring is mass effective mechanism, it is 

complicated to predict analytically, computationally, and experimentally because its damping mechanisms 

is based on complex fluid structure interactions. This is not conducive for rapidly analyzing various designs 

and thus may not be suitable for the baseline model. 
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Because of these complications, none of the aforementioned energy absorbers were chosen for the 

new baseline design. Alternatively, the use of crushable honeycomb and metallic foams was substituted in 

place of those mechanisms to provide a lightweight concept with highly predictable impact characteristics. 

Although its first use as an energy absorber in the Apollo 11 landing gear predated the design of the Venera 

lander by a couple of years, metallic honeycomb was not used for the Venera lander because the technology 

was still extremely new and was not yet a commonly used energy absorber [96].  

 As far as compressive energy-absorbers are concerned, honeycomb and metallic foams offer near 

ideal energy absorption characteristics. The energy absorption process can be broken into three phases: 

initiation, plastic deformation, and densification, as seen in Fig. 9. The initiation phase occurs on impact 

and is characterized by purely elastic deformation. That is, if the deformation does not exceed the initiation 

phase, the material will return back to a zero stress and zero strain state. However, after the initiation phase 

is surpassed, the thin walls of the honeycomb structure will begin to buckle in a near uniform periodic 

distance. This progressive buckling behavior is what contributes to the near ideal energy absorbing 

characteristics of honeycomb. Throughout the plastic deformation phase, impact energy is absorbed at a 

constant rate until the densification phase is reached. When the material is fully condensed the stress/strain 

relationship returns to a near linear state. Honeycomb materials can crush up to 80% strain before the 

densification phase begins.  

 

Figure 9   Honeycomb crush load versus deflection relationship 

 The average crush load of the honeycomb can be tailored by the geometry of the honeycomb cell 

and the thickness of the cell wall. Thus, a wide range of crush strengths can be attained by simply adjusting 

the geometry or material of the honeycomb. Better impact characteristics for honeycomb can be obtained 
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from a procedure called pre-crushing, which applies a load to the honeycomb and allows the material to 

surpass the peak force start buckling before it is unloaded. Now that the buckling has been initiated, the 

peak load can be bypassed the next time the material is loaded. 

 Metallic foams respond similar to honeycomb but with some differences. Metallic foam typically 

reach densification before honeycombs at roughly 60% strain. Thus foams have a smaller specific energy 

absorption than honeycomb, however, they are effectively an isotropic material. While honeycomb is 

restricted to a specific orientation and in some cases requires a guide, metallic foams can be crushed 

predictably under any impact orientation. 

 For these reasons, the investigation of the Venera Class landers for future missions to Venus will 

utilize honeycomb legs and a low density open cell metallic foam for the impact ring. Honeycomb legs 

concept is a reasonable choice for many of the reasons mentioned above. In addition to the fact that the legs 

are already designed to only apply an axial load that will facilitate the proper guided crushing of the 

honeycomb without adding any complexity. The impact ring on the other hand, will be better suited by the 

metallic foam because it is likely that the ring will not impact perfectly normal to the surface. 

Multi -Fidelity Design Tool 

 In order to see how the design of each component affects the lander as a whole, it was important to 

analyze each component individually. With the vast number of different combinations, it was impractical 

to model and test all combinations. Instead, a system was created to systematically analyze the multiple 

variations at three distinct levels of fidelity.  

Figure 10 gives an overview of different levels of fidelity that were used in this study. The low-

fidelity model uses geometric constraint and analytical approximation of the impact response of the lander. 

This model is able to provide predictions of the landerôs total mass, impact velocity, and peak deceleration 

at impact for an ideal impact on a rigid surface. The medium-fidelity model automatically creates a finite 

element model based on imported sizing parameters from the low-fidelity model. This model can be used 

to test various impact scenarios and impact orientations at a relatively low computational expense. The 

high-fidelity model offers a more detailed simulation than the previous models but is more time-intensive, 

both to build and to run. However, the high-fidelity model is able to accurately predict the stress 

concentrations in the model. It is noteworthy to mention that neither the medium nor high-fidelity models 

explicitly model the drag-plate and parachute capsule because they offer minimal structural contributions 

to impact. However, both models include the mass of the drag-plate and parachute capsule as well as their 

effect on the landers terminal velocity.  
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Figure 10   Multi -fidelity models 

 

 With this multi-fidelity design tool, the characteristics inherent in the design of the Venera Class 

lander were investigated efficiently. The low-fidelity model can rapidly analysis dozens of variations within 

seconds. From there, data from the most promising designs can be passed up to the medium-fidelity to 

dynamically simulate the various impact conditions with a still relatively low run time. When a final design 

is chosen, its parameters are used to create the high-fidelity model to investigate the detail of the model. 

Low-Fidelity Geometric Constraint Model  

 Each of the four key components mentioned above were approximated as simple geometric shape 

so that the volume of material that comprised them and thus their mass could be calculated. Most of the 

major components were modeled as follows; the payload module as a hollow sphere with uniform thickness, 

the legs as cylinders, and the impact ring as a torus. The drag-plate and some of the minor components (e.g., 

the joints connecting the legs to the impact ring and payload) were modeled based on engineering estimates. 

From this work, an accurate account of how each component contributed to the landers overall mass was 

made.  

 An additional benefit to modeling each component based on geometric constraints is that the 

configuration of the lander can easily be parameterized and modified to predict how the lander will behave 

for various vertical impact scenarios. Each major component could be varied with respect to the others to 

see how it would affect the impact characteristics of the lander as a whole. These results together with the 

estimated mass of each lander configuration would be used to find the optimum lander designs. 

 Within the design of the Venera Class lander, there are dozens of parameters that can be varied. In 

order to predict the mass and impact characteristics of any lander configuration, a systematic approach was 

employed to simplify the process. For this reason, many of the design parameters were found to be 
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interdependent on other parameters. For example, the amount of honeycomb needed to properly absorb the 

kinetic energy can be calculated from the landers kinetic energy, which is a function of the landers mass 

and terminal velocity. Additionally, the required thickness of the payload module to prevent buckling under 

hydrostatic pressure is a function of the pressure vessels radius.  

By finding multiple relationships such as these and keeping some of the obviously minor variables 

fixed, the entire model was simplified down to 10 major design variables. The payload module was sized 

as a function of its radius and mass. The distance the payload module initially was above the impact ring 

was modeled by the parameter "Payload Height." The impact ring was modeled based on its radius, width, 

and the aspect ratio of a cross section of the metallic foam's. The drag-plate was sized as a function of its 

radius and complementary cone angle. Finally, the legs were modeled based on the number of legs and their 

configuration. Some of the additionally parameter used in the geometric constraint model are discussed in 

their respective sections below, but these values were held constant during the verification of the multi-

fidelity design tool. Figure 11 shows the primary geometric design variables. 

 

Figure 11   Primary geometric design variables 

 

 A process overview of the low-fidelity model is shown in Fig. 12. The ten input parameters, seen 

at the top of Fig. 12 were used to size the drag-plate, the payload module, and the impact ring. Together, 

those masses would be used as the initial estimate of the landers total mass. The total mass was used to 

calculate the terminal velocity and the kinetic energy of the lander, which in turn was used to size the legs. 
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The additional mass of the leg was then fed back into the total mass of the lander for the next iteration. The 

iterative solver continued until a 99% convergence of the lander total mass was achieved.  

 

Figure 12   Geometric constraint model process 

 Drag-Plate: The drag-plate in the low-fidelity model is defined by four variables: projected plate 

radius, complementary cone angle, plate thickness, and normalized plate attachment point. The plate 

attachment point, – , is a value that varies from -1 to 1 and represents where on the payload module the 

drag-plate is attached, where -1 is the bottom, +1 is the top and 0 is the middle of the module.  

A large amount of computational expense could be invested in order to find the coefficient of drag 

(ὅ  of the lander based on each of these parameters, however, this is beyond the scope of this study. 

Because each configuration can potentially yield a different coefficient of drag a simple surrogate model 

was developed to predict the ὅ  based on the size of the radius of the drag-plate compared to the payload 

module radius and the cone angle of the drag-plate. It is intuitive that the drag coefficient of the lander will 

have a minimum no less than the coefficient of drag for a sphere at the same Reynoldôs number and a 

maximum no more that of a flat disk. Both the drag of a sphere and a flat plate have been well studied for 

the Reynolds numbers seen near the surface (order of 6x106 or higher). These shapes yield a ὅ  of 0.16 and 

1.17, respectively [97ï99]. Thus the approximate ὅ  of the lander should be approximately 0.16 for designs 

where the normalized difference between the drag-plate and the radius of the payload module at the plate 

attachment point is small. For designs where the difference is large and the cone angle is approximately 
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90°, the ὅ  should be close to 1.17. Given the previous conditions, the ὅ  for this analysis was varied based 

on the Eq. (1) 

 

ὅ πȢπρρςωπ—
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Ȣ
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where ὅ  is the vehicleôs approximate drag coefficient, — is the drag-plate cone angle, ὶ  is the radius 

of the drag-plate, ὶ  is the payload module radius, and –  is the non-dimensional vertical 

attachment location of the drag-plate on the payload module (measured in percent of radius away from the 

module center). The constants from Eq. (1) were tuned to match empirical data. For verification of this ὅ  

approximation, it can be seen that when there is no drag-plate the term in the parentheses is zero (that is 

ὶ ὶ ρ –  ), thus ὅ ὅ . Additionally, it can be shown that when ὶ

π, the ὅ  matches the trend shown by Hoerner for cones of various cone angle [99]. For the case where 

ὶ π and — πЈ, ὅ ὅ . Finally, based on a number of physical experiments performed by 

V. P. Karyagin et al. it is known that the coefficient of drag for the Venera landers was 0.8 or greater for 

high Reynolds numbers (order of 6x106) [100]. When the parameters based on the original Venera landers 

(ὶ πȢυ,  ὶ ρȢπχυά,  – υπϷ,  and  — ρπЈ) are used in Eq. (1), the estimated ὅ

πȢψς. With the ὅ  calculated from Eq. (1), the terminal velocity was found and used to estimate the total 

kinetic energy of the lander before impact. 

 Payload Module: As mentioned previously, the payload module is comprised of multiple 

subcomponents. These subcomponents include all the scientific payload, the pressure vessel, an internal 

brace to provide additional structural stability where the leg connect to the module, and the required 

insulation. Due to the mechanical focus of this study, only the structural components were modeled 

explicitly. The non-structural components (e.g., the scientific payload and the insulation) are taken into 

account by the payload mass. 

 The pressure vessel required two parameters to fully define its geometry, the radius and thickness 

of the pressure vessel wall. Numerous analytic and experimental investigations of buckling in thin walled 

spheres under external pressure have been made. Zoelly was the first to provide an analytical solution for 

the critical applied load given the material properties, radius, and thickness of the sphere [101] and has 

since been reported in various other works. This equation was used to scale the thickness of the pressure 

vessel based on the desired radius. Alternatively, an additional parameter can be include to add a factor of 

safety to the pressure vessel as seen in Eq. (2) 
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where ὸ is the pressure vessel thickness, ὖ the external pressure, ὶ the vessel radius, Ὁ the material 

modulus, and Ὂ the factor of safety. Inside the pressure vessel where the legs connect to the payload 

module, there is a brace to add extra stiffness and resist buckling of the pressure vessel. The dimensions 

of the brace are scaled based on the load applied on the pressure vessel by the legs and the circumference 

of the pressure vessel at the connection location of the legs.   

 Legs: The mass of each leg is found from the mass of the honeycomb in the legs, the mass of the 

leg casing, and the estimated mass of the pin connection joint located at both ends of each leg. To ensure 

that the lander is able to safely land on the surface given its momentum, the amount of energy absorbing 

material is scaled based on the total kinetic energy of the lander before touchdown. For the geometric 

constraint model it is assumed that 100% of the kinetic energy will need to be absorbed by the honeycomb 

and metallic foam. Thus the radius of each leg can be calculated according to Eq. (3) 

where ὶ  is the radius of a single leg and defines the amount of honeycomb material in each leg, ά  

is the mass of the Venera lander, ὠ  is the landerôs terminal velocity, ὍὉ  is the maximum energy 

that can be absorbed by the impact ring, „  is the crush strength of the honeycomb material in the legs, 

and В3 refers to the total stroke of all of the legs which can be found from the geometric constraints set up 

by the 10 input parameters. The leg was given the most variability out of any other component. Not only 

are the length of the leg and its connection point to the payload module variables, but the number of legs 

and their configuration were also allowed to change. A trade study was performed to see how sensitive the 

legs were to the overall design. The three most successful leg configurations are shown in section IV.C. As 

seen in Fig. 4, the original Venera lander utilized a tri-leg configuration with 18 total legs. 

 Impact Ring:  The impact ring was comprised of an upper and lower sections. The lower section 

was comprised of the metallic foam. The amount of metallic foam used was defined by the three parameters 

mentioned previously: ring radius, torus width, and foam aspect ratio. The upper section was a solid 

titanium ring to support the metallic foam as well as provide a stable location where the legs could be 

attached. The solid ring was defined by the ring radius, torus width, and ring thickness variables. The 

amount of energy absorption provided by the impact ring was calculated by Eq. (4) 

ὸ
Ὂὖὶ

ρȢςὉ
 (2) 

ὶ 

ρ
ς
ά ὠ ὍὉ
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ὍὉ ʎ!3 (4) 

where ʎ is the crush strength of the energy absorber, ὃ is the area of crush surface based on the width and 

radius of the impact ring, and the stroke S was based on the thickness of the foam before the densification 

stage is reached. A similar equation was used to find the energy absorbed by the legs. 

 Peak Deceleration: The payload must be designed to withstand a certain amount of loading. 

During takeoff and atmospheric entry the lander will experience an elevated g-load. It is expected that the 

g-loads experienced during entry will be much higher, at an estimated value of 250 g's. To ensure the 

survival of the scientific equipment, the lander must be able to come to a complete stop without exceeding 

that maximum allowable g-load. To check whether the lander configuration is able to impact the surface 

without exceeding the g-limit,  an estimated deceleration calculation was included in the algorithm. Because 

honeycomb experiences a constant force as it deforms, the deceleration will be relatively constant. The 

deceleration is estimated by dividing the force balance between the legs and the mass of the upper half of 

the lander by the combined mass of the payload module, drag-plate, and parachute according to Eq. (5)  and 

as shown in Fig. 13 

ὥ
Ὂ Ὂ Ὂ В„ ὃ ὧέί—

ά ά ά
  (5) 

 

Figure 13   Free body diagram for lander dynamics 
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where ὥ is the acceleration of the payload module and Ὂ and ά are the weight and mass of various 

components respectively. — is the angle each leg makes with the vertical axis in its initial configuration. If  

ὶ π, (i.e. the legs are modeled as rigid bodies) then an alternative acceleration calculation in Eq.(6) is 

used. 

ὥ
Ὂ ʎ ὃ

ά
 (6) 

Medium-Fidelity Model 

  The purpose of this stage of the design tool was to further investigate lander configurations that 

showed promising results from the low-fidelity solution while retaining a large variability and low 

calculation time. This process was automated to import the calculated masses and initial conditions from 

the low-fidelity solution and dynamically model them. The process allowed for additional parameters to be 

investigated while verifying the results found by the geometric constraint model. 

 In order to reduce calculation time, the lander was modeled using low degree-of-freedom elements 

such as beams and shells. The pressure vessel is modeled as a hollow shell with an assigned thickness 

calculated in the geometric constraint model. The mass of the payload module is evenly distributed 

throughout the pressure vessel. Because an exact solution exist for the axial deflection of 1-D elements, 

each legs was modeled using a single truss elements. As seen in Eq. (3), the deformation of the legs, and 

thus the energy absorbed, can be modeled using only the cross-sectional area and the area-averaged stress 

of the honeycomb. A piecewise constitutive relationship, similar to the trend shown in Fig. 9, was developed 

to approximate the honeycomb deformation while the leg radius and approximate leg mass was imported 

from the low-fidelity model. 

 As can be seen in Fig. 14, the connection points between the legs and the payload module 

experience a local stress concentration. This is a result of the legs being modeled as 1-D elements and were 

connected to the payload with a single node. Because of this, the stresses observed in the region surrounding 

the connection point does not accurately predict the actual stress seen on impact. Yet, the simulation 

accurately predicted the payload dynamics upon impact. To be able to accurately investigate such 

unexpected stress concentrations, a higher fidelity model was created. The high-fidelity model was use to 

verify the payload dynamics of the medium-fidelity model and will be discussed in a later section. 
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Figure 14   Stress singularities and concentrations at leg interface 

High-Fidelity Model 

 The low- and medium-fidelity models were designed to be able to rapidly analyze design variations. 

In order to achieve short runtimes, these lower fidelity models ignore some of the details of the lander. 

Unlike the medium-fidelity model, the high-fidelity model uses brick elements to model the legs and 

explicitly models the connecting joints so these critical points can be investigated. Additional sub-

components, such as the pressure vessel internal stiffener and impact ring frame were captured in both the 

medium- and high-fidelity models. As a result of these additional details, the high-fidelity model yields 

reasonable stress concentrations around the leg joints as seen in Fig. 15. This revealed that for most landing 

configurations, the stress concentration from the legs onto the payload was benign, however in some cases 

the initial leg joints were not robust enough to handle loads on impact causing them to fail. In these cases 

the leg joints were thickened and the simulation rerun. Unlike the medium-fidelity model, the high-fidelity 

model was constructed manually for each design. Therefore, each redesign took significantly more time to 

prepare and execute. 
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Figure 15   Stress concentration at the leg interface of high fidelity model 

 Once a preliminary high-fidelity model was created, a mesh convergence study was performed. A 

mesh convergence study was not performed for the medium-fidelity model because the stress 

concentrations due to the use of 1-D legs will never converge. The payload acceleration was plotted for 

three different mesh resolutions with approximate element sizes of 2.2 cm (coarse), 1.1 cm (medium), and 

0.6 cm (fine). As seen in Fig. 16, if the mesh is too large the payload will decelerate more incrementally 

due to honeycomb legs being artificially stiffened due to the mesh coarseness. The finer meshes predict a 

more constant deceleration especially in the latter half of the impact. The peak g's for the coarse, medium, 

and fine meshes were 48.57, 45.98, and 45.52, respectively, with a 5.6% change from coarse to medium 

and a 1.0% change from medium to fine. The next section presents a comparison of results from the low-, 

medium-, and high-fidelity models. 
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Figure 16   Deceleration of the high fidelity model for various mesh resolutions  

The correlation between the kinetic and internal energies is shown in Fig. 17. The internal energy 

is largely contributed by the plastic deformation of the impact ring and honeycomb legs, while the kinetic 

energy trend follows the velocity of the payload module. These energies are significant because they 

quantitatively capture the impact characteristics of the lander. Because a reduced element formulation was 

used to decrease computational expenses, the total energy was not fully conserved. There are two major 

contributions to the variation in total energies: hour-glassing energy and negative sliding energy. Hour-

glassing energy adds energy to the system while sliding energy removes energy from the system. The 

change in total energy of the system is 3%, -9%, and -12% for coarse, medium, and fine meshes, 

respectively. Typically, simulations that conserve energy well are more reliable. As seen in Fig. 17, the 

coarse mesh simulation generates a significant amount of total energy directly after impact. Although the 

coarse meshôs initial and final total energies differ by only 3%, the energy generation implies that is 

simulation has a lot of hour-glassing energy. The maximum change of total energy in the coarse model 

shows an hour-glass energy of 13%. Typically hourglass energies should be within 10%, which is 

considered acceptable [102]. The medium and fine meshes show have significantly less hour-glassing 

energy. Although they lose a little bit of total energy throughout the simulation as a result of the negative 

sliding energy, this mode of energy dissipation is not detrimental to the simulation. Based on the slightly 

better conservation of energy and due to significantly higher computational cost of the fine mesh, it was 

decided that the medium mesh size would be sufficient for all further investigation. 
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Figure 17   Energy of the high fidelity model for various mesh resolutions  

 As a result of the detailed modeling of the lander in this model, the unsteady response of the 

honeycomb under dynamic loading can be observed. The plastic strain predicted in the honeycomb legs is 

shown in Fig. 18. Typically honeycomb crushes axially in a very predictable progressive manner from one 

end to the other. However as this simulation accurately captures, if the honeycomb crush is not perfectly 

guided, it will have a tendency to bend back and forth. This honeycomb is guided by an outer casing seen 

in the left half of Fig. 18 but the compression is not fully constricted. This is what caused periodic streaks 

of highly compressed honeycomb. While this does not appear to be a problem for the landing sequence, an 

additional guide rod can be implemented inside each leg to completely constrain this bending. 

 

Figure 18   Post impact result of high-fidelity simulation 
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Verification  

 Comparisons among values taken from all levels of fidelity are shown Fig. 19 and Fig. 20. By 

contrasting each of these values, the difference in the lower fidelity models can be found. The g-loadings 

on impact are shown in Fig. 19. The energy balance during impact, where the internal energy measures the 

amount of energy that was absorbed on impact by both the impact ring and the legs is shown in Fig. 20. 

Compared to the medium mesh of the high-fidelity model, as can be seen in Fig. 19, the difference of peak 

deceleration is 4.8% and 1% for the low and medium-fidelity models, respectively. Fig. 20 shows a 3.1% 

and 1.8% difference for the low-fidelity modelôs maximum kinetic and internal energy respectively, and a 

4% error for both the maximum kinetic and internal energy of the medium-fidelity model. Keep in mind 

that although the low-fidelity model in Fig. 20  shows time varying values, only the maximum values were 

calculated. The time-varying values of the low-fidelity model shown in Fig. 20 are there only to represent 

the expected transition of energy from kinetic to internal. 

 

Figure 19   G-loading comparison among all three models 

 
Figure 20   Energy comparison among all three models 
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Results and Discussion 

 It has been shown that the developed low-fidelity model is able to predict the landing g-loads and 

energy absorption to within 5% error of the high-fidelity model. This serves to verify the methodology used 

and enables the use of the low-fidelity model to perform a mass sensitivity analysis. The analysis was 

broken into three sections: Lander Scalability, Mass Sensitivity, and Leg Configuration Analysis. Each of 

these sections looked at how the change of certain parameters will affect the overall mass of the lander. For 

this analysis the preliminary baseline design used for the verification of the multi-fidelity tool was set as a 

reference point that all changes could be related to. This preliminary baseline was sized so that its mass 

would be approximately the same as the Venera 9 and 10 landers. The results of the mass sensitivity analysis 

are dependent on the design assumptions made in this study and thus may vary from that of the original 

Venera landers. However, by comparing the sizing to that of the original Venera as done in the Lander 

Scalability section, it can be shown that the original design and new design scale similarly and are still 

comparable. 

Lander Scalability 

 While the fundamental design of the later Venera landers were the same, there were some changes 

along the way. The Venera 9 and 10 landers were chosen because they closely adhered to the assumptions 

made in the lower fidelity models. The Venera 9 and 10 landers mass were 660 kg each. Although the mass 

of the payload cannot be explicitly found in the literature, based on the sizing algorithm found in this work 

it was approximated that the landerôs payload module weighed 260 kg (note that for this work the mass of 

the thermal control system and the pressure vessel was included in the payload's mass).  
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Lander scalability focused on 

changing the amount of payload carried by the 

lander. This is one of the very valuable 

applications of the geometric constraint 

solution. As the size and mass of the payload 

changes, the low-fidelity algorithm scales the 

lander appropriately. To track these changes, 

two trends were modeled in Figs. 21 and 22: 

Constant Payload Density and Constant 

Payload Size. Constant Payload Density tracks 

the change of the lander's structural mass as the 

size and mass of the payload module scale up 

and down, while the size to mass ratio of the 

payload remains constant. This trend line 

captures the scalability of the lander. The 

second trend line, titled Constant Payload Size, retains a constant payload module radius while increasing 

the amount of payload mass inside the pressure vessel.  

As the mass of the payload is 

increased, the amount of structural 

support to safely bring it to the surface 

will also need to increase. This 

relationship can be seen in in Figs. 21 

and 22. For a constant payload density, 

it can be seen that this lander has a 

scalability of approximately 2:1. That is 

that if the payload is increased by 2% the 

structural mass of the lander will need to 

be increased by 1%. However, if the 

payload can be added without changing 

the size of the payload module the 

scalability jumps from 2:1 to over 10:1. 

Venera Landers 13-14 managed to 

utilize this high scalability ratio by attaching experimental equipment to the outside of the lander. Without 

 

Figure 21   Venera class lander scalability 

 

Figure 22   Venera class lander efficiency 
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making any major changes to the lander design, an additional 100 kg of payload comprised of additional 

batteries and experiments was added to the Venera 13-14 landers, bring the total mass to 760 kg [103]. 

 The ratio of the lander's payload mass compared to the total mass of the lander can be thought of 

as the efficiency of that lander's design. As the amount of payload increases the efficiency of the lander 

also increases. This means that this design scales up well but is less effective for smaller amounts of 

payloads. As seen in Fig. 22, the Venera 9 lander had a lander efficiency of approximately 40%. That is, 

that the mass of the payload made up approximately 40% of the total mass of the lander. By adding an 

additional 100 kg of payload to the Venera 9 lander, the low-fidelity model predicted the total mass of the 

latter Venera landers as 772 kg which corresponds to the reported values with an error of only 1.6% 

compared to the actual mass of the Venera 13 and 14. 

Mass Sensitivity Analysis  

The mass sensitivity analysis was used to reveal the most crucial components of this design. Five 

of the eight input parameters dealing with the structural design of the lander were varied to see the effect 

on the lander as a whole. The remaining three parameters are discussed in the next section. The same 

preliminary baseline design used in the scalability test, was used for the mass sensitivity study. Each of the 

parameters were individually varied from 10% to 250% of the baseline and the resulting change in the 

overall mass of the lander was recorded. For example, a 50% change of most design parameters results in 

less than a 5% change in the overall mass of the lander, that 5% change corresponds to 33 kg. While this 

value is within the range of uncertainty of the mass approximation, however it is noteworthy and the overall 

trend will be helpful in selecting an optimized baseline design for future missions.  

This analysis is highly nonlinear and many variables are interdependent on the others. Therefore, 

as each component is scaled up and down, the other dependent components will also change in size. For 

example, if the payload height is increased, the landers stroke will also increase, thus decreasing the radius 

of each leg and changing the mass of the legs. Because the process is highly coupled, it is possible that 

scaling one parameter could affect the mass of every other component.  
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Figure 23   Mass sensitivity analysis 

As seen in Fig. 23, the effect the radius of the drag-plate has on the mass of the lander was given a 

range of expected values. As mentioned previously, the Venera lander had an experimentally found 

coefficient of drag of at least 0.8 [100]. Any changes to the geometry of the lander will result in a  ὅ  

change. The range presented in Fig. 23 shows the upper and lower bounds of the vehicles ὅ  in shaded 

green. The nominal result shown by a dashed line was found by varying ὅ  defined by Eq. (1). The effect 

the drag-plate radius has on the lander reveals that there is an optimal value. For a small or absent drag-

plates, the landerôs mass increases to compensate for a higher terminal velocity. This mass increase is a 

compounding effect as the added mass will additionally increase the landers terminal velocity. It is possible 

to nullify this compounding effect, as was done by Hall et al. [88], by riding the parachute all the way to 

the surface, but this approach was not utilized in the baseline design. On the contrary, as the plate radius 

was increased the terminal velocity monotonically decreased. However, at some point the mass saved by 

decreasing the landers speed is overcome by the mass used to extend the drag-plate. Matching the optimal 

plate radius, was found to be one of the primary design drivers for the Venera Class lander design. 
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 The height the payload is above the impact ring has the least effect on the landers mass of any of 

the other design parameter. However, if the height is too small the lander's mass increases asymptotically, 

because the stroke of legs is decreased, resulting in significantly bulkier legs and a sharp increase in max 

g-load. After a 10% decrease in height the lander's g-load exceeded the mission requirement of 250 g's, and 

this is highlighted with a dashed red line in Fig. 23. While this parameter does not significantly affect the 

mass of most designs, it does have a significant effect on the landerôs tipping stability. As the payload 

moduleôs location greatly effects the center of gravity (CG) of the vehicle, a higher payload module, though 

a little lighter, will increase the landerôs chance of tipping over if it does not land on a flat surface.  

Also note that this trend is only applicable for designs with actuating legs. For designs where the 

impact ring absorbs all of the kinetic energy on impact, the trend is reversed; increasing payload height will 

increase mass. In designs like this, the payload module should be as low as it can be while still leaving 

clearance beneath the payload module to avoid coming into contact with rocks and protrusions that are 

small enough to fit inside the impact ring. 

 The impact ring's radius, width, and aspect ratio contribute to how much metallic foam is used on 

the lander. Each of these parameters have a distinct minimum value as they are increased. These minimums 

reveal a fundamental characteristic of all Venera Class landers. Each of these minimums occur when the 

impact ring has enough energy absorbing material to fully absorb the landers kinetic energy with no 

additional support from the legs. At this point, the mass of the honeycomb in the legs is reduced to zero and 

the legs no longer actuates. As a result, the lander will experience a significant increase in g-load but the 

expected values will remain well under the mission requirements. This means that while the legs offer some 

practical benefits, like avoiding payload penetration by keep the pressure vessel away from the ground, 

they do not efficiently assist in the crashworthiness of the lander. As discussed previously, it is a likely that 

the original Venera design also did not have any internal energy absorbers although there is some level of 

debate on that point.   

Based on this study, increasing the amount of energy absorbing material in the impact ring, has 

shown to affect the landerôs mass almost as significantly as the drag-plate.  For this reason, it was decided 

that the new baseline will not house any internal energy absorbers in the legs. Thus a simple solid beam can 

be used as the design of the legs. Additionally, the size of leg joints can be reduced now that the legs are 

no longer actuating. Overall this change simplifies the design and reduces the total lander mass.  

Leg Configuration Analysis 

The leg configuration analysis systematically changes both the number of legs and their 

configuration. The various leg configurations that were tried can be seen in Fig. 24. The top view of a 
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ñradial legò configuration with 6 legs is illustrated in Fig. 24.a. The top view of an ñoblique legò 

configuration with 12 legs is illustrated in Fig. 24.b. And the top view of a ñtri legò configuration with 18 

legs was illustrated in Fig. 24.c. 

 

                         (a)                                                   (b)                                                   (c) 

Figure 24   Various examples of leg configuration for Venera Class landers 

The leg configuration analysis reveals another significant method to reduce the total mass of the 

lander. As mentioned previously, the original Venera design had 18 total legs in the tri-leg configuration. 

As seen in Fig. 25, for the same number of legs there is no major change in the landers total mass for 

different leg configurations. On the other hand, the total number of legs have a small but notable 

contribution on the landers total mass.  
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Figure 25   Leg configuration analysis 

  The original design used as many legs as it did to add a level of reliability to the design. If one leg 

was to fail the effect would not be as devastating as if there were only 6 legs. However, this added robustness 

comes at a small cost. As the number of legs are drops, for example in the tri-leg configuration from 18 

legs to 9 legs, the total mass savings were approximately 20 kg. Of these 20 kg more than 15 kg were 

contributed to the removal of the hinges and extra fixtures attached to the legs and not the legs themselves. 

This explains why the effect seen by changing the number of legs so closely matches the Constant Payload 

Module Size trend seen in Fig. 25; most of the leg's mass is just added mass. This conclusion combined 

with results from the mass sensitivity analysis reveal that the leg are one of the components with the largest 

potential for mass savings. 

Comparisons to Published Concepts 

To show the capabilities of the low-fidelity model the Venera Class baseline lander, VITaL, from 

the Venus Flagship Mission Lander [88] was duplicated and the results from the geometric constraint model 

were compared with published results [20]. The expected entry loads for the original mission was 200 gôs, 

more than double the expected landing loads. Smith et al. showed that entry vehicles with high ballistic 

coefficient, such as ADEPT [4], can be used to reduce the entry loads to the same order of magnitude as 

the landing loads. For the VITaL mission Smith et al. expected a mass savings of 10-25%. Because the low-

fidelity model predicts designs based on landing loads, the results will match results published for the 
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ADEPT-VITaL mission.  However, the original design can be estimated by adding a 20% mass margin to 

each of the parameters.   

Two components in the low-fidelity model required small modifications to accurately model the 

ADEPT-VITaL lander: the configuration of the legs and the drag-plate. The VITaL lander utilized an 

oblique leg configuration with 6 leg going to an outer ring and 6 additional legs going to a smaller inner 

ring. The inner ring is used to transfer load on entry through a snubber to the frame of the aeroshell. It also 

protects from large rocks that may fit inside the radius of the outer ring. As this inner and outer leg 

configuration was not studied in the low-fidelity model, the mass of an oblique leg configuration was 

doubled to capture the additional 6 legs. The drag-plate of the ADEPT-VITaL lander, unlike the baseline 

model which is a single solid plate, has holes around the circumference of the plate and has 24 support 

plates above the drag-plate. These holes reduce drag area and thus the effective radius of the drag-plate 

from 1.250 I to approximately 1.089 I. Based on the size of each support plate, it was estimated that each 

of the support plate weighed 0.25 kg. The mass of the drag-plate used in this calculation took into account 

the support plates and the holes. The remaining parameters were converted from data provided by Gilmore 

et al. are shown in Table 2. 
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Table 2  Design parameters for the VITaL lander [20] 

     

 
  ADEPT-VITaL Units 

 

 
Parachute Capsule 35 (kg) 

 

 
Plate Radius 1.25 (m) 

 

 
Plate Thickness 0.0025 (m) 

 

 
Plate Angle 0 (deg.) 

 

 
Plate Attachment Point 0% - 

 
 Payload Module Mass  150 (kg)  

 
Payload Module Radius 0.5 (m) 

 

 
Payload Module Height 0.895 (m) 

 
 Pressure Vessel FS 2.0 -  

 Leg Inner Radius 0.0 (m)  

 
Leg Casing Thickness 0.005 (m) 

 

 
Leg Attachment Point 10% - 

 

 
Impact Ring Radius 1.25 (m) 

 

 
Impact Ring Width 0.16 (m) 

 

 
Impact Ring Thickness 0.177 (m) 

 

 
Support Ring Thickness 0.085 (m) 

 

 
Metallic Foam Strength  0.65 (MPa) 

 

 
Total Number of Legs 12 - 

 

 
Configuration Oblique Leg (Inner & Outer) - 

 
 Mass Margin 20% -  

 
Coefficient of Drag 0.85 - 

 
 Total Mass (w/o margin) 811 (kg)  

 
Total Mass  (w/ margin) 974 (kg) 

 

     
The unlike the new baseline Venera Class lander, the VITaL concept was designed to land in the 

Tessera regions of Venus. The Tessera regions are areas of high scientific interest and characterized by high 

slopes. Due to the uncertainty in the terrain, proposed VITaL design was reinforced to handle landings on 

boulders as large as 1.3 m and provides stability for slopes up to 60º. For this to be achieved a very low CG 

was required. Thus the solid support ring in landing gear was thickened to 8 cm thick. This provides a good 

foundation for landing on uneven surfaces.  
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Given the input parameters in Table 2, the low-fidelity code was able to predict the total mass of 

each component, the terminal velocity of the vehicle, and the impact overloads on the payload. A 

comparison between the reported and the predicated values are presented in Table 3 for both the VITaL 

lander and the ADEPT-VITaL lander. Both low-fidelity models yielded percent errors smaller than 5% for 

most reported values and no values had an error larger than 10%.  These levels of error are acceptable as 

the model has been designed to predict values for various Venera Class lander designs; higher fidelity 

results can be achieved by customizing the low-fidelity model to the specific lander design. Notice that the 

Payload Module does not contain the mass of the pressure vessel. Both Gilmore et al. and Smith et al. 

included the mass of pressure vessel in the Structure section. Thus, the total mass of the payload module is 

approximately 260 kg. 

Table 3  Comparison from published results [4,20] 

  
ADEPT-

VITaL 

Low-Fidelity 

Model 
Error VITaL 

Low-Fidelity 

Model 
Error 

Payload Module**  (kg)  149.2 149.2 0.00% 174.0 179.0 2.90% 

Structure (kg) 212.3 212.8 0.24% 283.0 255.4 9.77% 

Landing System (kg) 452.3 482.3 6.63% 603.0 578.8 4.02% 

Total (kg) 813.8 844.3 3.75% 1060.0 1013.2 4.42% 

Terminal Velocity (m/s) Not Reported 8.36 N/A 9.00 9.16 1.78% 

G-Loading (gôs) Not Reported 97.9 N/A 83 81.5 1.81% 

** Note: The payload module mass is comprised of scientific experiments, communications, TPS, and 

power. Unlike other locations in this dissertation, the mass of the pressure vessel is not included  

 

Selection of a New Baseline Design for Venera Class Landers 

Based on these results, the new baseline model for Venera Class landers was chosen. The new 

design optimizes the landerôs components based on a given payload mass of 260 kg. The VITaL design was 

constrained by its landing conditions. In order for the lander to handle slopes of 60°, it has to maintain a 

wide based and a very low center of gravity. This design was very robust but in order to produce a more 

mass efficient lander was designed to land on level surfaces. The preliminary design was modeled after the 

original Venera landers. This design distributed the impact absorbing material between the legs and the 

impact ring. The new baseline Venera Class lander design was developed by minimizing the mass of the 

lander subject to geometric constraints of Venera Class landers and a minimum torus radius. The design 

variables for the preliminary model and the new baseline model are given in Table 4. The values that were 

bolded are the design variables, all other parameters remained fixed for this analysis. 
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While the design in Table 4 is a local minimum and does not likely represents the global minimum 

mass of a Venera Class lander with a 260 kg payload module, it does reflect many of the same features that 

have been discussed previously. The changes are reduction in the payload height, increase in the aspect 

ratio of the impact ring, and using minimum number of legs (the normal leg configuration was not permitted 

for this analysis). The two key design features that are shown in Fig. 23 are that the largest drag-plate radius 

is not the optimal radius and the most mass efficient designs isolate the energy absorbers in the impact ring. 

Both of these features are also seen in the optimization presented in Table 4. 

Table 4  Comparison between the Preliminary  Design and the New Baseline designs 

  

Preliminary 

Design 

Percent Difference New  

Baseline  

Parachute Capsule (kg) 35  - 35  

Plate Radius (m) 1.075  4.65% 1.025  

Plate Thickness (m) 0.0025  - 0.0025 

Plate Angle (degrees) 15 100% 0 

Plate Attachment Point 80% 22.1% 66.3% 

Payload Module Mass (kg) 150  - 150  

Payload Module Radius (m) 0.5  - 0.5  

Payload Module Height (m) 0.650  7.7% 0.600  

Pressure Vessel FS 2.0 - 2.0 

Leg Casing Thickness (m) 0.005 - 0.005 

Leg Attachment Point 27.5% 152.7% 69.5% 

Impact Ring Radius (m) 0.9  33.3% 0.60  

Impact Ring Width  (m) 0.25 26.4% 0.184  

Impact Ring Thickness (m) 0.01  430.0% 0.057  

Support Ring Thickness (m) 0.015  - 0.015 

Metallic Foam Strength (MPa) 0.65  - 0.65  

Total Number of Legs 18 66.6% 6 

Configuration Tri Leg   Oblique Leg 

Terminal Velocity 7.49 m/s 5.07% 7.87 m/s 

G-Loading 28.17 gôs 225.7% 91.74 gôs 

Leg Inner Radius 0.022 m  0.0 m 

Total Mass 660.0 kg 25.0% 495.5 kg 
 

 

The new baseline design will serve a benchmark to compare alternative designs against. The 

TANDEM vehicle that was developed in this work is compared to this baseline as well as the ADEPT-

VITaL mission to show its merit. 
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Chapter 3 

The Tension Adjustable Network for Deploy Entry 

Membrane (TANDEM) Concept 

 

TANDEM is a hybrid of two innovative concepts under active research at NASA: tensegrity robotics 

and mechanically deployable semi-rigid heat shields. TANDEM uses a similar fundamental concept as 

ADEPT but replaces the vehicleôs internal structure with tensegrity-actuation rover. This provides the same 

benefits as the ADEPT concept while seamlessly integrating the multifunctional tensegrity infrastructure. 

 Coupling tensegrity and ADEPT into a single design has significantly more advantages than either 

concept has separately. Tensegrity actuated deployable heat shields [9,10] have been proposed before, as 

have tensegrity lander/rovers [11]. However, to date, no one has presented a unified vehicle where one 

underlining tensegrity structure is capable of handling all of EDLL. The systems-level design approach to 

the EDLL sequence is what makes TANDEM unique. In most EDL (plus locomotion, if applicable) 

concepts, each leg of the sequence is handled by a separate system; the heat shield plays no role in landing 

and the payload (i.e., the rover) is typically considered dead mass until it has actually landed on the surface. 

In TANDEM, everything is connected to an actively controlled tensegrity frame so that the systems used 

for landing and locomotion are also utilized in entry and descent. TANDEM brings a new level of 

controllability to the EDLL sequence without increasing mass. 

Concept Overview 

TANDEMôs lightweight and multifunctional design can be tailored to a variety of missions and is 

a feasible option for many atmospheric celestial bodies. Itôs mechanically deployable heat shield, high 

payload to structural mass ratio, and ability to safely impact the surface at high velocity makes TANDEM 

a great candidate for the next generation of robotic missions to Mars. Furthermore, its multifunctional 

capabilities during descent and omnidirectional protection on impact will be invaluable for landed missions 

to Titan or Venus where the thick atmosphere prevents the development of high resolution surface maps. 

In view of TANDEMôs widespread applications, it was decided that in order to provide an in-depth 

understanding of the concept, the breadth of the preliminary investigation should be focused on applications 
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for a single planetary system. To this end, all of the subsequent work will be presented in the framework of 

a conceptual mission to the surface of Venus. The EDLL sequence for this mission is summarized in Fig. 

26.  

For launch and transit, the TANDEM vehicle will be stowed as shown in Fig. 27. Upon arrival, 

TANDEM will detach from the cruise stage and deploys its heat shield. For simplicity, Fig. 27 visualizes 

the tensegrity structure and payload module, but the entry membrane and backshell are attached to the 

tensegrity structure for deployment as shown in Fig. 26. 

  

Figure 27   Tensegrity structure changing configurations from stowed to deployed 

 

Figure 26   EDLL sequence for TANDEM mission to Venus 
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In addition to TANDEMôs low ballistic coefficient, the vehicle has an efficient mechanism to 

provide lift. Mars Science Lab (MSL) is an example of entry vehicles using a lifting trajectory. MSL 

achieved lift by using a total of 300 kg of ballast mass devices, ejecting the masses to shift the center of 

gravity of the vehicle. Alternatively, TANDEM is able to achieve lift with little to no mass penalty. The 

payload module is suspended by a number of cables designed to actuate. This enables locomotion after 

landing, but can also be used to change the location of the payload module during entry, shifting the CG of 

the entry vehicle. With an offset CG, the vehicle will create a positive L/D ratio. Additionally, the payload 

can be shifted laterally in order to direct the lift vector. To ensure stability, the payload module will need 

to be kept low such that the vehicleôs CG is below the aerodynamic center. The lifting entry allows the 

vehicle to decelerate in the upper atmosphere, maximizing the time spent on descent to collect more data 

samples than it could on a ballistic entry.  

After entry, the TANDEM vehicle will eject the heat shield. The separation of the heat shield and 

TANDEM vehicle can be initiated by a spring-loaded mechanism. As the heat shield is ejected from 

TANDEM, it will no longer be able to maintain its deployed radius and will naturally return to a near-

stowed, low cross sectional area configuration. There will be little chance of re-connect with the heat shield 

due to of the difference in ballistic coefficients (mass to drag-area ratio) of the heat shield and the descent 

stage of the TANDEM vehicle.  

The descent stage may be equipped with parachutes to aid with the heat shield separation, but due 

to Venus's high density atmosphere, parachutes are not required to reach a safe landing velocity. 

Alternatively, the backshell can be used as a flexible drag device. Because the vehicle begins to heat up 

during the descent through the Venusian hot, dense atmosphere, it can be advantageous to descend quickly 

to the surface to maximize the time spent there while still arriving at a safe velocity. This was, to a degree, 

achieved previously in the Venera campaign by using a reefing cord to constrict part of the parachute. As 

the vehicle approached the surface, the atmospheric temperature increased, melting the reefing cord and 

allowing the parachute to fully open [104]. TANDEM is able to add to this concept by actively controlling 

its drag area. Utilizing the tension network, TANDEM can open and close its flexible backshell to control 

its rate of descent. This enables a balance between the need for a quick descent and the need of detailed 

exploration in various areas in the atmosphere that are of scientific interest. The Venus Exploration Analysis 

Group (VEXAG) has listed the atmospheric formation of Venus as the first goal for Venus exploration 

[105]. Unlocking the mysteries of the Venusian atmosphere will require a detailed investigation at key 

altitudes. A regulated descent can be used to maximize the vehicleôs scientific investigation during the 

descent phase without excessively compromising its mission time on the surface. Based on a 10.8 km/s 

entry with a low EFPA and without the use of a parachute, it was found that the incorporation of the flexible 
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backshell into an EDLL profile will create a range of descent times from as low as 25 minutes to as long as 

2 hours. Figure 28 shows the full range of descent trajectories that can be explored with TANDEM.  

 

Figure 28   Range of descent trajectories with the active control of the flexible drag-plate 

 

When the vehicle is nearing its desired landing site, the flexible backshell can be adjusted to achieve 

pinpoint landing. The use of the backshell is analogous to how a parachutist can navigate to a specific 

landing site by pulling on cables to change the shape of the parachute. In the same way, controlling the 

shape of the flexible backshell can also be used as a simple form of hazard avoidance that can open up 

higher risk landing regions.  

Once the vehicle is in the desired landing zone, the backshell can be released, allowing the rover to 

free fall to the surface. Depending on the ballistic coefficient for the specific mission, the terminal velocity 

for Venus applications could range from 15 to 30 m/s. Due to the large shock dissipating capability of 

tensegrity structures, TANDEM can be designed such that the landing overloads on the payload will be 

approximately the same gôs experience on entry. However, the entry loads endure over a much larger time-

scale compared to the impulsive landing loads. This suggest that the onboard equipment will likely be able 

to handle a larger peak loading on impact than those experienced on entry.  

Like most spherical tensegrity concepts, TANDEM inherently provides omnidirectional protection 

on impact. Even if it impacts on a large boulder or a very uneven and sloped surfaces, TANDEM will 

survive with no complications. Omnidirectional impact protection opens up a host of landing sites, 

including Venusôs Tessera regions, which are too hazardous or too steep for traditional landers. 

Additionally, due to the unique shape altering capability of the TANDEM lander, the outer circumference 
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of the vehicle can be actively adjusted while the payload module position can be altered to provide the 

optimal landing configuration for various landing scenarios. With its shock dissipating capability and 

omnidirectional protection, TANDEM provides a high level of reliability and safety to the mission. 

As soon as the vehicle lands, it can begin traversing the surface. The tensegrity framework provides 

TANDEM with a more organic method of locomotion when compared to traditional wheeled rovers. 

Tensegrity landers have a more diverse range of mobility, including rolling, sliding, bouncing, walking, 

and jumping, that cannot be safely performed by a traditional rover. These new modes of locomotion open 

up high-risk terrains for future missions. Additionally, previous missions have shown that immobility 

presents an additional risk to the mission. As an example, the Venera 14 lander detached one of its lens 

caps directly under where the soil densitometer was designed to sample, thus significantly interfering with 

the experiment [106]. With TANDEM, these unexpected interferences can be avoided. While the 

investigation of various modes of transportation are outside the scope of this preliminary investigation, a 

proof of concept locomotion demonstration is provided in Chapter 6 as well as an investigation of advanced 

gait development strategies for tensegrity structures. 

Extreme Environment Component Design 

The TANDEM vehicle can be broken into four basic components: The semi-rigid heat shield, the 

flexible backshell, the tensegrity structure, and the payload module. The following section provides a brief 

overview of these components. Many of the details mentioned in this section are mission dependent and 

can be altered based on the requirements and destination of each mission. A fuller discussion of the design 

process used for the conceptual mission developed in this study is discussed in Chapter 7.  

The semi-rigid heat shield, when fully deployed, is a 4.5 m diameter sphere-cone with a 70° degree 

cone angle. The nose of the shield is rigid and can be covered with a conventional TPS while the deployable 

components utilize a 3D woven carbon fabric. The carbon fabric has been arcjet tested based on the mission 

requirements of the ADEPT-VITaL mission [37] up to 250 W/cm2. The backshell is not exposed to the same 

aerodynamic and aerothermodynamic loads as the heat shield but it may still necessary to protect the aft of 

the vehicle during entry. As a result, there is a wider range of appropriate materials for its use. The nominal 

selection of backshell material for this analysis will be carbon fabric. 

The tensegrity structure itself is comprised of 18 hollow titanium compression members and 78 

individual titanium cables that comprise the tension network. Each rod in the structure has an ultra-high-

temperature and pressure motor [107] at either end which is used to spool in lengths of cable to control the 

configuration of the structure. In the center of the tensegrity structure is the payload module, an insulated 

pressure vessel used to protect the scientific equipment from the harsh environment. All of TANDEM's 
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scientific equipment, control systems, and communications are housed inside of the payload module. This 

enables the uses of standard electronics for operation at Venus surface conditions (VSC). However, it also 

limits the lifespan of a mission. Because the payload houses so many mission critical systems, an ongoing 

work aims at increasing the operating temperature for several of the internal components. By reducing the 

number of components in the pressure vessel, the overall mass will significantly drop.  

The implementation of an external pressure vessel as the central payload module was first utilized 

by the Soviet Union for the Venera missions [27] and is now common for new mission concepts [20,88ï

90]. However, housing these critical components inside of an external pressure vessel can be risky during 

landing or locomotion, in case the vessel strikes the ground. Additionally, in environments akin to VSC, 

this practice presents further risks to the mission by limiting the mission lifetime to the time required for 

the payload to reach its maximum operating temperature. In these conditions, the payload must endure not 

only the thermal waste of its internal electronics but also the extreme external temperatures.  

As can be seen in Eq. (2), the thickness of the payload module is proportional to its radius. Thus, 

as the payload module increase in size, the mass of the pressure vessel increases cubically. Although it is 

largely unavoidable, the current practice of utilizing an insulated pressure vessel both limits the amount of 

equipment and increases the total system mass. By developing TANDEMôs electrical and 

electromechanical components to operate in extreme environments, some of the internal components could 

be moved outside of the payload module. This would reduce the thermal load and the required size of the 

payload module for a TANDEM concept, thereby reducing mass, dispersing the locations of mission critical 

components, and extending mission life by decelerating the accumulation of thermal waste. 

The current design of TANDEM utilizes standard electronics with a maximum operating 

temperature of 35°C. The TPS was designed keep the payload module under that threshold for 3 hours after 

entry [20]. An ongoing investigation looks at the incorporation of high-temperature electronics to enable 

the removal of components from the payload module. The rest of this section explore various components 

that can be designed to survive at VSC. The electronics of components that can be removed from the 

payload module can be fabricated using SiC based electronics [108], while components that must remain 

inside the payload module can be designed to operate at elevated temperatures by the incorporation of 

silicon on insulator (SOI) electronics [109]. These are discussed in order of current high-temperature TRL 

and benefits for removal from the payload module: motors, batteries, scientific instruments, data storage, 

and control systems.  
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Motors and Batteries 

While an under-actuated TANDEM vehicle could be controlled from within the payload module, 

the batteries and motors produce significantly more thermal waste than any of the other components, 

limiting the mission life from thermal waste. Additionally, creating a seal that allows the cable to be drawn 

through the wall of the pressure vessel presents a substantial design problem, especially at VSC. Therefore, 

batteries and motors are the most important components to develop a high-temperature counterpart for. 

 Fortunately, the required components currently exist at high levels of technology readiness. 

Honeybee Robotics has developed various stepper and brushless DC motors for extreme environments 

[107]. These motors have been tested over a large temperature range (20-460ęC), so they are a feasible 

selection for TANDEM, which requires operation above the entry interface as well as on the surface. The 

required electronic motor controller will be addressed below under the Data Storage heading. 

 Batteries provide a more significant challenge. Landis provides a detailed overview of high-

temperature battery systems that already exist [110]. The limiting factor with current technologies is that 

they require elevated temperatures before they become operational. Sodium-sulfur batteries, for example, 

only operate above the melting point of sulfur, 240°C [110]. This means that the power system would not 

start operating until after the vehicle descends below an altitude of at least 65 km.  

 Three potential solutions to provide an adequate power source are discussed and compared. Further 

investigation of these options will be addressed in future work. The first solution is to simply keep all of 

the batteries inside the payload module. This solution will act as the baseline case since it does not require 

any technology development. Keeping the batteries inside the payload is not preferred, as it results in a 

higher overall vehicle mass and increased thermal accumulation rate. Additionally, this method requires 

electrical leads to be embedded into each tension cable in order to transmit the power to each externally 

mounted motor.  

The next alternative solution separates the power system required for the heat shield deployment 

from the additional system used for surface locomotion. This strategy may be partially required, due to the 

dichotomy of required torque for locomotion versus deployment. Because deployment of the heat shield 

also requires the entry membrane to be pretensioned, the high-temperature motors may not be able to 

provide enough torque to deploy the heat shield. To resolve this, an additional motor and spring-loaded 

system has been included in the design of the aeroshell that has the sole purpose of assisting the 

pretensioning of the aeroshell. The proposed solution will allow the tensegrity motors to remain inactive 

and only utilize the aeroshell motor to transition from the stowed configuration to the deployed 

configuration. This method is still suboptimal, as it doesnôt take advantage of the functionality of the 
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vehicle; the multifunctional infrastructure will be inactive during entry and initial stages of descent. It is 

possible to harness the heat generated from entry to active the motor in the upper atmosphere. However, it 

is not immediately clear how to efficiently transfer the heat to every motor in the tensegrity structure. Yet, 

this solution will successfully remove the motors and batteries from the payload module, thus extending 

the mission timeline and potentially reducing the total mass of the system. 

Finally, it may be possible to heat the battery before deployment. This is a common practice for 

thermal batteries, which have operational temperatures corresponding to VSC [110]. While thermal 

batteries will not be used in this mission due to their short service time, similar pyrotechnics may be used 

to initially heat up the batteries for operation during deployment and descent, and then the high atmospheric 

temperatures will keep the batteries at operating temperatures for locomotion. This solution provides the 

best characteristics but requires further investigation to confirm its feasibility.  

Scientific Instruments 

The most sensitive components in the payload module are the scientific instruments. Although 

many of the instrument suites proposed for Venus landers are not designed to operate at VSC, NASA Glenn 

has developed a number of sensors and instruments that are functional at such conditions. Some of the 

developed high-temperature sensors include pressure and temperature sensors, electric nose sensors (which 

can be doped to be sensitive to various chemical compounds), strain sensors (which could be used for 

feedback control of the vehicle), as well as Microscale Particulate Classifiers (MiPAC) [111]. Such 

instruments will be useful for characterizing the environment around the landing site and can be used to 

answer the Decadal Surveyôs questions about Venus. Further investigation will be made into additional 

components that can be exposed to the VSC for scientific exploration of Venus. 

Data Storage, Avionic, and Control Systems 

 Due to a large number of degrees of freedom (DOF), the control systems required for tensegrity 

robotics are highly complex. Despite this, Mirletz et al. [57] have produced an effective strategy for 

producing various gaits, through the use of a Neural Network and machine learning algorithm. Although 

the capability for control exists, the data storage required to hold an on board library of various gait and 

control strategies may surpass the current state of the art for high-temperature SiC components [108]. For 

this reason, the on board computer required to make calculations for each scenario in real time will have to 

remain inside the insulated payload module.  

Investigations will focus on SOI or similar matrices to improve the maximum operating 

temperature of the computational and data storage systems from the standard limit of 60°C to the military 

grade of 125°C or higher. Many systems exist now that can achieved temperatures as high as 230°C in 
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some studies, with the near term developments aimed at over 300°C. While this does not allow the vehicle 

to remain operational indefinitely, it will significantly extend the mission lifetime compared to the baseline 

design. 

 Less complicated systems, such as electronic motor controllers, can be designed to operate at VSC. 

In fact, the electronic controller has already been developed for the Honeybee motor and is included in the 

design of each tensegrity strut. A required technology needed to be developed is a radio frequency (RF) 

transmitter/receiver capable of operating at VSC. The short range RF transmitter and receiver will enable 

wireless communication from the on-board computer to the motor controller, simplifying the mechanical 

design of the vehicle by removing the wiring required to control each motor.  

 Current high-temperature RF circuits using off-the-shelf Gallium Nitride (GaN) high electron 

mobility transistors (HEMTs) [112ï115] are under development. This systems were intended for downhole 

communications for oil and gas exploration, however this technology can be leveraged for extreme 

environment exploration. Existing RF systems for downhole communications can operate at most at 150°C 

with maximum data rate of about 4 Mpbs [116]. Alternatively, it is believed that the development of a high-

temperature RF system capable of operating at 500°C, can be developed by leveraging SiC or SOI/CMOS 

(Complementary Metal Oxide Semiconductor) technology, as they have shown to operate at high-

temperatures [108]. However, SiC and SOI technologies cannot operate at high frequencies due to low 

unity-gain frequency.  

The design and development of these ultra-high-temperature and pressure components are outside 

the scope of this work, but have been identified as required/desired technologies for this mission. While the 

development of these technologies will streamline the design, they are not mission critical and the proposed 

concept can be designed to function without them. 
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Chapter 4 

TANDEM Systems Analysis Tool 

 

A systems analysis tool was developed to aid in the design of a mission utilizing the TANDEM 

concept. This tool analyzes key parameters of the vehicle during its EDLL sequence. The analysis tool uses 

a 3-DOF flight mechanics code as its backbone with additional modules integrated into it. Throughout the 

various stages, a tensegrity form finding algorithm is used to solve for the static configuration of the vehicle. 

During the entry stage, the tool investigates the aerodynamics and aerothermodynamics using the modified 

Newtonian method and surrogate convection and radiation models. Because all of these are low 

computational-expense methods, a large number of different entry and descent sequences can be analyzed 

rapidly. Landing and locomotion were analyzed by integrating outside codes into the analysis tool. LS-

Dynaôs explicit finite element solver was used for impact simulations, and the NASA Tensegrity Robotics 

Toolbox (NTRT) was implemented for locomotion analysis and control. An overview of the systems 

analysis tool is provided in Fig. 29 while additional information on each of the modules is provided in the 

following sections. 

 

Figure 29   TANDEM systems analysis tool flowchart 
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Trajectory Functions  

A 3-DOF trajectory flight mechanics code (FMC) was developed to calculate the trajectories used 

in this dissertation. The FMC used the Runge-Kutta method with a 5th order accuracy using Matlabôs 

ODE45 function [117] to integrate the system of ordinary differential equations (ODEs) seen in Eq. (7) 
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 (7) 

where V is the vehicleôs velocity, ‰ is the flight path angle relative the local horizon, ί is the downrange 

distance or the tangential position projected on the surface of the planet, Ὑ  is the radial position, Ὑ  is the 

radius of the planet, L is the lift force, D is the drag force, m is the mass of the vehicle, g is the altitude 

varying gravitational acceleration, and t is time. Together, these equations define a state vector consisting 

of the position, velocity, and orientation of the vehicle throughout its entry and descent through the 

atmosphere. 

The aerodynamic loads and aerothermodynamics are determined from the state parameters defined 

after each time step of the Runge-Kutta integration. The aerodynamic loads are estimated using the 

modified Newtonian method, which uses the Mach number, atmospheric specific heat ratio, and the vehicle 

geometry to estimate the pressure, lift, and drag coefficients. During the hypervelocity entry phase, the 

coefficients are updated at each time step. The modified Newtonian method approximates the flow over the 

vehicle as a purely inviscid stream of particles. This assumption reduces the calculation of the aerodynamic 

loads to a simple algebraic equation. This method has been shown to provide accurate approximations for 

hypersonic and supersonic speeds [118]. A complete derivation of Eq. (8) can be found in Andersonôs 

textbook [119]. 

ὅ ὅ ÓÉÎ— (8) 

In Eq. (8) ὅ is the coefficient of pressure at a point on the vehicleôs surface, ὅ  is the ὅ at the 

stagnation point and — is angle between surface normal and freestream. The coefficient of pressure at the 

stagnation point can be derived as a function of Mach number and specific heat coefficient from the 

Rayleigh Pitot relation. This is shown in Eq. (9) 

ὅ  
ς

‎ὓ

ὓ ‎+1

4‎ὓ -2(‎-1)

-1 1-‎+2‎ὓ

‎+1
ρ (9) 
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where M is the current Mach number and the specific heat ratio ‎ is 1.286 for Venus atmosphere [120]. 

With the Cp of the current time step known, the pressure and aerodynamic load on the vehicle can be solved 

at any point in the exposed flow field using Eq. (10) 

ὴ ὴ
ρ

ς
ὅ”ὠ  (10) 

where ὴ is the aerodynamic pressure, ὴ  is the freestream pressure which is negligible in most cases, ”  

is the freestream density, and ὠ  is the freestream velocity. The drag D and lift L are simply the normal and 

tangential components of the total aerodynamic load, respectively. From that, the CD and CL of the current 

time step can be calculated using Eqs. (11) and (12). The updated lift and drag coefficients are then applied 

to the trajectory equations, Eq. (7), for each time step. 

 

ὅ
Ὀ

ςὛ”ὠ
 (11) 

ὅ
ὒ

ςὛ”ὠ
 (12) 

The freestream velocity, ὠ , is a state variable, The surface area is a function of geometry, and the 

atmospheric density, ” , is found as a function of altitude. The atmospheric data reported by Pioneer Venus 

[121] are seen in Table 5 are used for these calculations. However, this tool has been programed with 

alternative planetary properties and atmospheric model which will enable it to work for any other planet as 

well. The additional baseline atmospheric models for the other planets was provided by Justus and Braun 

[120]. 
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Table 5  Atmospheric density as a function of altitude 
 

Altitude 

 (km) 

Atmospheric 

density, ʍ 
(kg/m3) 

Speed of 

Sound, 

(m/s) 

Altitude 

 (km) 

Atmospheric 

density, ʍ 
(kg/m3) 

Speed of 

Sound, 

(m/s) 

  

0 65.60  596 100 6.95x10-5 214   

5 49.80 581 105 1.93x10-5 217   

10 47.30 565 110 5.58x10-6 220   

15 27.90 544 115 1.67x10-6 223   

20 20.30  523 120 5.20x10-7 226   

25 14.40 501 125 1.67x10-7 229   

30 9.89 479 130 5.52x10-8 232   

35 6.34 466 135 1.88x10-8 234   

40 3.96 452 140 6.60x10-9 237   

45 2.46 430 145 2.30x10-9 247   

50 1.46 407 150 8.74x10-10 256   

55 0.868 362 155 3.61x10-10 264   

60 0.381 354 160 1.57x10-10 272   

65 0.161 345 165 7.38x10-11 275   

70 6.53x10-2 243 170 3.52x10-11 278   

75 2.75x10-2 234 175 1.93x10-11 282   

80 9.80x10-3 225 180 9.33x10-12 285   

85 3.04x10-3 216 185 5.02x10-12 289   

90 8.62x10-4 216 190 2.64x10-12 293   

95 2.45x10-4 215 195 1.24x10-12 296   

100 6.95x10-5 214 200 5.85x10-13 300   

 

Aerothermodynamics 

The aerothermodynamics are a nontrivial value to calculate. Thus, surrogate equations are used to 

estimate the convective and radiative heat flux experienced by the vehicle during atmospheric entry. These 

equations provide the stagnation-point heat fluxes for an axisymmetric blunt body in arbitrary gases at 

chemical equilibrium. The surrogate equations are tuned to match empirical data or values predicted by 

higher fidelity models, as functions of only the vehicle's velocity, nose radius, and the atmospheric density 

as seen in Eq. (13) 
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ὗ ὑὠ”Ὑ  (13) 

where Ὑ  is the nose radius of the vehicle. The constants K, a, b, and c are selected to match different entry 

conditions and vehicle parameters. Multiple surrogate equation constants, shown in Table 6 for convection 

heating and Table 7 for radiation heating, were reviewed for this step of the analysis to ensure that the 

results were reasonable and conservative.  

Table 6  Convective heating surrogate equation constants 

Author K a b c 

Sutton and Graves [122] 1.896x10-4 3 0.5 -0.5 

Scott et al. [123] 1.1547x10-4 3.05 0.5 -0.5 

Tauber, Bowles, and Yang [124] 1.35x10-4 3.04 0.5 -0.5 

  

Table 7  Radiation heating surrogate equation constants 

Author Range K a b c 

Park and Ahn** 

[125] 
All  2.787x10-67 19 1.05 0.2 

Craig and Lyne 

[126] 

ρς ὯάȾί ὠ ρπ ὯάȾί 3.07x10-44 13.4 1.2 0.49 

ρπ ὯάȾί ὠ ψ ὯάȾί 1.22x10-12 5.5 1.2 0.49 

ὠ ψ ὯάȾί 3.33x10-30 10 1.2 0.49 

Tauber, Palmer, 

and Prabhu [127] 

ρς ὯάȾί ὠ ρπ ὯάȾί 8.497x10-63 18 1.2 0.49 

ὠ ρπ ὯάȾί 2.195x10-22 7.9 1.2 0.49 

**NOTE:  For simplicity the normalized pyrolysis-gas injection rate was assumed to be 0. This will 

provide the most conservative approximation 

. 

There was very little variation between the various convection models, however, Sutton and 

Graveôs model was selected for the convection calculation. Sutton and Gravesôs model is unique in its 

capability to be used for various atmospheric bodies [122]. The constant K in their model was derived from 

the constituents of the atmosphere and is predefined for various atmospheric bodies in the solar system. 

The ability to develop a new heating constant for an arbitrary gas will be utilized further in future work, 

which will analyze the merit of TANDEM on other planetary bodies. Meanwhile, the radiation calculation 

constants were selected to be the Tauber, Palmer, and Prabhu model because its assumptions match better 

than the Craig and Lyne model, and it provided a more conservative heat load compared to the Park and 

Ahn model. Figure 30 shows the convective and radiative heat fluxes at the stagnation point during entry 

for a vehicle with a nose radius of 1.125 m entering at 10.8 km/s. 
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                                            (a)                                                                             (b) 

Figure 30   Comparison of various aerothermodynamic surrogate models for (a) convective heat 

flux and (b) radiative heat flux 

 

After the vehicle has passed a threshold altitude or acceleration value is reached, the heat shield is 

released. This transition is approximated by a C1 discontinuity in the trajectory calculations (i.e. a 

discontinuity in the derivative of the position function). The vehicleôs mass and ballistic coefficient are 

changed as the heat shield is released. This reflects the descent stage of the EDL sequence where the vehicle 

is decelerated by the flexible backshell or parachute. In this stage, the Newtonian method is no longer 

applicable and thus a user defined CD and CL must be supplied. An additional C1 discontinuity can be 

included to capture the release of the backshell before landing in order to calculate the terminal velocity of 

the vehicle. 

With all of the different modules of the entry analysis developed, a parametric entry study was 

performed to better understand how TANDEM operates on entry. Several hundred trajectories were rapidly 

solved for in order plot the relationship between ballistic coefficient and EFPA. Figure 31 shows the results 

of this study for an entry vehicle with a nose radius of 1.125 m entering the Venusian atmosphere with a 

variety masses (i.e. ballistic coefficients) and EFPA.  Contour-lines for maximum deceleration, peak heat 

flux, and total heat load are shown. As can be seen in the figure, the maximum entry load on the vehicle is 

almost highly dependent on the EFPA; the higher the angle, the higher the aerothermodynamic and 

atmospheric loads. The same trend with was described in Chapter 1 was also seen in this study. For a given 

ballistic coefficient, increasing the EFPA to near the skip-out range will decrease the peak heat flux of the 

vehicle but will drastically increase the total heat load that must be withstood, as seen by traveling from 
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point ñAò to point ñBò. It can also be seen that a decrease in max deceleration and peak heat flux can be 

achieved while maintaining a nearly constant total heat load if the vehicleôs EFPA as well as its ballistic 

coefficient is reduced, from point ñAò to point ñCò. This represents the change that is enabled with the 

TANDEM entry vehicle design. In this specific example the total heat load increased by a couple hundred 

J/cm2 from ñAò to ñCò but this will not significantly affect the landerôs mass compared to the several kJ/cm2 

increase from ñAò to ñBò 

 

Figure 31   Ballistic coefficient parametric study as a function of entry flight path angle 

for ballistic entry . Velocity at entry is 10.8 km/s with a vehicle nose radius of 1.125 m 

Stable Tensegrity Configuration Selection 

When the vehicle reaches an altitude of zero, the flight mechanics code stops and the final velocity 

of the vehicle is recorded for use in the landing simulation. The landing simulation utilizes an explicit finite 

element code to simulate the vehicle impacting on a rigid surface. Because the stiffness of a tensegrity 

structure is closely dependent on its configuration, it is necessary to use a form-finding algorithm before 

creating the finite element (FE) model to ensure that the structure is in a stable configuration. If the structure 

is not in an appropriate configuration, the structure will be either be unable to hold a load or will be too stiff 

resulting in high gôs on the payload module.  
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Tensegrity Equilibrium Equations 

In order to discuss the selection of an appropriate equilibrium configuration, it is necessary to 

discuss the equilibrium equation for tensegrity structures. Figure 32 shows a simple 2D tensegrity structure. 

The structure is in a state of pretension such that the rods ὭὯ and ὬὮ  are subjected to a compressive load 

and the tension members ὬὭ, ὭὮ,  ὮὯ, and ὯὬ are in tension. Note that members ὭὯ and ὬὮare two separate 

ñtwo-force membersò and do not interact directly with each other. 

 

Figure 32   Simplified 2-D tensegrity model for the equilibrium  equation example 

 

The equilibrium equations for point Ὥ in the 2D system shown above are given in Eq.(14) 

Ὂ Ὂ Ὂ Ὂ
ὼ Ø Ὂ

ὰ

ὼ Ø Ὂ

ὰ

ὼ Ø Ὂ

ὰ
Ὂ π

Ὂ Ὂ Ὂ Ὂ
ώ Ù Ὂ

ὰ

ώ Ù Ὂ

ὰ

ώ Ù Ὂ

ὰ
Ὂ π

 (14) 

where Ὂ  is the tensile or compressive force applied on by a member ὥὦ, ὰ  is the length of a member 

ὥὦ, Ὂis an external force applied at node Ὥ with x and y components of Ὂ  and Ὂ  respectively, and ὼ  

and ώ  are the Cartesian location of the nodes n of each member. It is convenient to reduce the quantity 

Ὂ Ⱦὰ  into a single term ή , often referred to as the force density coefficient in tensegrity literature 

[51,128ï130]. To further simplify this case, we will not consider any external load onto the structure. Thus 

the equilibrium equations at point Ὥ can be simplified as seen in Eq. (15). 
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ὼὬ ØÉ ήὭὬ ὼὮ ØὭ ήὭὮ ὼὯ ØὭ ήὭὯ π

ώὬ ώÉ ήὭὬ ώὮ ÙὭ ήὭὮ ώὯ ÙὭ ήὭὯ π
 (15) 

By defining a connectivity matrix, [C], the equilibrium equations can be written in matrix notation 

for all of the nodes in a structure. The connectivity matrix has one row per member and one column per 

node with entries of +1 for the initial node, -1 for the terminal node, and 0 if the node is not in the member. 

In this example the connectivity matrix would be the 6x4 matrix shown in Eq. (16) 

Ὤ    Ὥ    Ὦ    Ὧ
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ρ ρ π π
π ρ ρ π
π π ρ ρ
ρ π π ρ
π ρ π ρ
ρ π ρ πỨ

ủ
ủ
ủ
ủ
Ủ

ὅ (16) 

Thus Eq. (14) can be re-written as seen in Eq. (17). 

ὃὸ
ὅὨὭὥὫὅὼ

ὅὨὭὥὫὅώ
ὸ  (17) 

where A is the equilibrium equation and t is a vector of normalized forces, known as tension coefficients. 

It is also helpful to point out the terms ὅὼ and ὅώ are the projected lengths of each member in the x and y 

direction respectively. Similarly, Eq. (14) can be factorized as seen in Eq. (18). 

ή ή ή ὼ ή ὼ ή ὼ ή ὼ π

ή ή ή ώ ή ώ ή ώ ή ώ π
 (18) 

While Eq. (14) related the force density to the member length, Eq. (18) relates it to the location of each 

node. Eq. (18) can also be written in matrix notation 

Ὀ ὼ ώ  ὅὨὭὥὫὸὅ ὼ ώ    (19) 

where D is known as the Force Density Matrix. Equations (17) and (19) can be related to provide a single 

equation that relates tension coefficients, length coefficients, and nodal location. For a structure in three 

dimension the equation can be written as seen in Eq. (20) 

╘ṧὈ
ὼ
ώ
ᾀ

ὅὨὭὥὫὅὼ

ὅὨὭὥὫὅώ

ὅὨὭὥὫὅᾀ

ὸ  (20) 
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where ṧ is the kronecker tensor product and ╘ is a 3x3 identity matrix. From this expression it can be seen 

that for tensegrity structures the member length, the configuration geometry, and the member force ratios 

are all inherently linked. Furthermore it will be shown that if one of these parameters is know the remaining 

two can be found. 

Form-Finding Algorithm 

Form-finding algorithms can utilize a variety of numerical methods to find a stable 3D 

configuration for the tensegrity structure. Tibert and Pellegrinoôs survey of various methodologies presents 

a good overview of the most prominent form-finding algorithms [128]. According to that work, there are 

two basic classifications of form-finding algorithms: statical and kinematic. The latter method uses some 

method to derive the structureôs geometry from the equilibrium equations. The former method iteratively 

removes ñslackò from the structure. Practically speaking, this is done by minimizing the total length of the 

tension members, or conversely, maximizing the length of the compression members (in turn creating a 

configuration where the cables are all in tension and the rods are in compression). The kinematic method 

only requires knowledge about how the structure is build (i.e. the connectivity matrix) and the desired 

normalized length for all of the tensile elements (i.e. length coefficients). For a given structure, various 

configuration can be solved for by providing new length coefficients. For this reason the kinematic form-

finding method was adopted for this work. This benefit is specifically useful for active tensegrity structures, 

where the length of various tensile members can be altered and is not as readily available in statical form-

finding algorithms. This will be discussed further in Chapter 6. 

For regular systems, where much of the structure is known a priori via symmetry, this method can 

be performed analytically by optimizing a single variable. To demonstrate this consider the 6-bar, 

icosahedron tensegrity structure shown in Fig. 33. 

 

Figure 33   Icosahedron tensegrity structure comprised of 6 rods and 24 cables 
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The icosahedron is very common in tensegrity research [11,131,132] due to its near spherical shape 

and low number of structural elements. It is made up of 3 orthogonal sets of parallel bars with 4 cables 

connecting to each end of every rod, as seen in Fig. 33. By providing the constraint, that each rod must have 

the length, ὰ, and each cable must have a length, ὰ, the structureôs geometry is constrained to a single 

degree of freedom. By placing a coordinate system at the centroid and aligning the axes such that they are 

parallel to one pair of rods, a single symmetric section can be analyzed, as shown in Fig. 34. 

 

Figure 34   A single symmetric quadrant of the icosahedron structure  

Here we can visualize the remaining unconstrained parameter as the normal spacing, s, between any two 

rods. Thus the length of the cable between P1 and P2 at point  ίȟπȟ
ὰ
ς and πȟ

ὰ
ςȟί can be expressed 

as seen in Eq. (21) 

ὰ π ί
ὰ
ς π ί

ὰ
ς  (21) 

The minimum length therefore can be solve for by simply setting the derivative of ὰ with respect to ί to 

zero as shown in Eq. (22). Thus the remaining unknown degree of freedom is solved for in Eq. (23) 
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As expected, the equilibrium configuration of the icosahedron is when the space between any two 

parallel bars is half of the length of a bar, or ςί ὰȾς. While this analytical solution is straightforward, it 

was enabled by some limiting assumptions, namely that all rods and cables have a uniform length.  

A more general approach of this method using nonlinear programing was proposed by Pellegrino 

[133]. Given the connectivity matrix of the structure and the length coefficients of the members in the 

tension network, the nodal coordinates of each member are solved for according to Eq. (24). 
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 (24) 

For the TANDEM Systems analysis Tool, this was solved using Matlabôs constrained optimization 

routine, fmincon [134]. To increase the efficiency of the solver it is useful to restate the problem as shown 

in Eq. (25). Note that the formulation in Eq. (25) is the format presented by Pellegrino [133]. 
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 (25) 

  The implementation of the form-finding algorithm in the systems analysis tool was left parametric 

to enable drastic design variations. For example, in the basic design of the TANDEM vehicle there are 6 

rotationally symmetric sections. In the systems analysis tool, this parameter can be altered with a single 

variable. Thus, multiple TANDEM designs can be experimented with, without needing to design an entirely 

new tensegrity structure. Figure 35 shows three examples of alternative TANDEM designs that may be 

used for other missions. 
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Figure 35   Parametric design control of the systems analysis tool  

After the shape has been solved for, the newly configured structure was scaled to the appropriate 

size for the mission. After this, the tension coefficients can be found for the determined configuration by 

solving the system shown in Eq. (26) for t, where Eq. (26) is simply an expanded form of Eq. (20).  
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ὅὨὭὥὫὅώ
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ὸ  (26) 

This methodology was used to find appropriate configurations for the vehicle at various point in 

the EDLL sequence. Table 8 reports the lengths and tension coefficient of each tension member for four 

vehicle configurations. 

 

Table 8  Form-finding input p arameters of standard configurations 

 Length Coefficient of Each Tensile Member 

Configuration 
Member 

1 

Member 

2 

Member 

3 

Member 

4 

Member 

5 

Member 

6 

Member 

7 

Member 

8 

Member 

9 

Stowed 2.40 3.50 1.50 1.50 3.50 2.40 1.00 3.00 1.00 

Deployed 2.85 1.00 1.00 1.00 1.00 4.00 1.00 3.00 1.00 

Descent 4.00 1.00 1.00 1.00 1.00 2.85 1.00 3.00 1.00 

Landing 1.50 1.00 1.00 1.00 1.00 1.50 1.00 1.25 1.00 

Tension Coefficient of Each Tensile Member 

Configuration 
Member 

1 

Member 

2 

Member 

3 

Member 

4 

Member 

5 

Member 

6 

Member 

7 

Member 

8 

Member 

9 

Stowed 0.430 0.438 0.587 1.000 0.216 0.318 0.562 0.259 0.535 

Deployed 0.388 0.589 0.791 0.982 0.267 0.121 1.000 0.304 0.398 

Descent 0.101 0.336 0.658 1.000 0.513 0.335 0.337 0.303 0.888 

Landing 0.473 0.634 0.510 1.000 0.360 0.430 0.585 0.597 0.480 
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Modal Analysis for Launch Simulation 

 The VITaL and ADEPT-VITaL missions were to be launched on an Atlas V-551 [4,20]. An 

equivalent TANDEM mission, when the mass savings from the lander, the aeroshell, and the spacecraft 

propellant are considered, will be substantially lighter. This will enable a smaller (and cheaper) launch 

vehicle (LV) to be used and may open up the possibility of launching on a 400 series Atlas V. However for 

the sake of continuity with the other missions, the analysis of the TANDEM vehicle during launch will 

assume an Atlas V-551. 

 The launch environment for a spacecraft can be very harsh. Figure 36 shows the load factors for an 

Atlas V-551 launch. As can been seen, the peak loads can reach over 6 gôs in magnitude. However, 

compared to atmospheric entry, the loads seen in launch are, for Venus, nearly an order of magnitude 

smaller. Thus the design of TANDEM will be driven by the entry and landing loads, not the launch. 

However, a critical criteria that must still be considered is the compatibility of TANDEM with the Atlas-V 

LV.  

 As a rule of thumb, the controls systems of a typical LV operates at a frequency of 7 Hz and below. 

Therefore, a spacecraft should have a natural frequency above 7 Hz in order to be compatible with the LV. 

The Atlas V, specifically, states in its Userôs Guide that spacecraft must maintain its first lateral mode at a 

minimum frequency of 8 Hz and a first axial mode at 15 Hz [135]. 

 A low order FE model of the stowed 

vehicle was created. To highlight the 

assumptions made in the model, a comparison 

of a CAD rendering of the stowed entry vehicle 

and the low order FE model was provided in 

Fig. 37. From Fig. 37(a) it can be seen that 

when the vehicle is in its stowed configuration, 

the end of the heat shield ribs are latched to a 

truss structure. This truss serves as the 

connection between the entry vehicle and the 

cruise vehicle. In Fig. 37(b) it can be seen that 

the tensegrity structure, the rigid sphere-cone 

nose, and the rib structure of the heat shield are 

included in the model. The mass from the entry 

 

Figure 36   Spacecraft load factors for Atlas V-551 

launch [135] 
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membrane is distributed to the heat shield ribs, but the actual carbon fabric and the mounting truss are not 

explicitly modeled. Additionally to increase efficiency, the nose was assumed to be rigid. 

The dynamic response of the vehicle can be sensitive to changes in the design. This is especially 

true of the tensegrity structure. If a different stowed configuration is selected or if the length of the ribs are 

changes a new modal analysis may be required. The work presented below is representative of the Predicted 

Mass design discussed in detail in Chapter 7. As this design may be altered in future works, the goal of this 

model was to find the ballpark dynamic response of the vehicle. This will highlight any need for a major 

redesign. 

 

                      (a)                                                                                 (b) 

Figure 37   The stowed TANDEM vehicle (a) computer aided design (CAD) rendering (b) finite 

element (FE) model with boundary conditions 

 The FE model used cable elements to represent the tension members. Cable elements are 1D 

elements similar to truss elements as they can hold no bending or torsional loads, but different as they are 

incapable of holding a compressive load, unless they are first pretensioned. The element formulation for a 

cable element is shown in Eq. (27), where A is the cross-sectional area of the element, E is the Youngôs 

modulus, and L is the length of the element. The assumptions made for cable elements represent the tension 

members well, but not perfectly. In reality, the tension members will be able to hold a small bending load. 

Thus it is expected that the results shown here are conservative, although the inclusion of the carbon fabric 

may introduce additional low frequency modes. This is not expected as the carbon fabric is reasonably stiff 

even without being pretensioned. However, if this should occur, additional constraints may be added to the 
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mounting truss to resist these modes. To ensure that the modal response of the vehicle is reproducible each 

time the structure is adjusted or disassembled, the pretension in the structure will be monitored by load cells 

in the structures feedback control system. Keep in mind that these results assume that the tensegrity 

structure is responsible for providing a large amount of the structural rigidity. If this proves to be 

problematic in future iterations, the tensegrity structure can be relaxed and an external wrap or case can be 

applied on the outside of the vehicle to increase its stiffness. An approach similar to this is planned to be 

used in the ADEPT sounding rocket test scheduled for September 2017 [39]. 
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 (27) 

In Chapter 5 it is discussed that pretension was not a significant parameter in impact simulations. 

This, however, is not the case for the modal analysis. Based on numerical [131,136,137] and experimental 

work [138], it has been shown that the stiffness of a tensegrity structure increases with pretension. Many of 

these works discuss the existence of non-positive modes, known as ñsoft modesò [131,138,139], which can, 

in many cases, be stiffened by increasing the level of prestress. It was found for the TANDEM vehicle, that 

in order remove these soft modes, the structure must be pretensioned such that each tension member does 

not compress beneath its unloaded length, ό. In the simulation this can be done by adding an intial load 

step to the vehicle to pretension the members and after the structure has reached equilibrium, run an 

additional load step for the modal analysis. Alternatively to decrease the run time and still produce the same 

results, the constitutive relationship in compression can be set to match that of a tensile load and the 

simulation can be run without pretension. This is numerically the same as defining the initial configuration 

in a pretension state without having to apply an additional load step. This will not affect the result of the 

modal analysis because the axial load is decoupled from all other DOFs. 

 The first five mode shapes are reported in Fig. 38. In Fig. 38(a) the fundamental frequency of the 

stowed vehicle is shown. Not surprisingly, this mode oscillates the unconstrained nodes of the tensegrity 
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structure. This is the first lateral mode and as required by ULA, it is above 8 Hz. Three additional lateral 

modes are encountered in the 19-28 Hz frequency range, as can be seen in Fig. 38(b-d). Then, at a frequency 

of 30.7 Hz, the first axial mode was encountered. This mode is just over twice the minimum allowable 

frequency for this mode.  

 

Figure 38   First five mode shapes (a) shows the first lateral mode (e) shows the first axial mode   

 From this preliminary investigation, it has been shown that the Predicted Mass design of TANDEM 

is compatible with the Atlas V-551. The first lateral and first axial modes are both above the required limits 

for a spacecraft. Future work will further investigate the launch environment. The low-frequency quasi-

sinusoidal vibration levels of a LV is reported by ULA as being design driver for lightweight structures. A 

coupled loads analysis will be used to further investigate these loads to assess the margin of safety of 

TANDEM. As mentioned previously, if destructive resonance is experienced in this analysis, the tensegrity 
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structure can be relaxed and over-wrap can be applied to the vehicle during launch to provide structural 

rigidity instead. This alternative packaging approach can be easily used to tune the eigenvalues of the 

structure such that it can safely endure the launch environment. 

Impact Simulation and Locomotion 

The results of this algorithm are then exported for use in developing the FE model for impact and 

locomotion analysis. These analysis will be discussed in in more detail in the subsequent two chapters. The 

method can also be used to develop the required control strategies for configuration transitions throughout 

the EDLL sequence as discussed in Chapter 6.  

Based on the process described above, the EDL sequence of a sample trajectory can be analyzed in 

seconds. This enables a variety of different trajectories to be analyzed to fully explore the design space of 

the EDL sequence of the TANDEM vehicle. Additionally, the tool is designed such that any one of the 

modules can be removed and replaced with a higher fidelity module if desired. The 3 DOF equations of 

motion could be replaced with a 6 DOF system, a more robust aerothermodynamic investigation could be 

performed, or a statistically varying atmospheric model could be implemented to run a Monte Carlo analysis 

on the trajectory to find the landing ellipse. The analysis toolôs ability to rapidly provide reasonable 

estimations of each leg of EDL.  
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Chapter 5 

Impact Characteristics and Crashworthiness of TANDEM 

 

The first step in analyzing the Crashworthiness of TANDEM is to find the impacting speed, or the 

terminal velocity, of the vehicle. In the systems analysis tool, this is simply the velocity of the vehicle when 

the altitude = 0 km. From Eqs. (7) and (11), the terminal velocity can be approximated according to Eq. 

(28) by assuming that π and ‰ḙωπЈ. Both of these assumptions are reasonable, if the vehicle has 

been allowed to free fall several meters. 

ὠ
ςάὫ

ὅὛ”
  (28) 

All of the values in Eq. (28) are known, except CD. In order to find a first order approximation of CD 

to be used in systems analysis tool and to estimate the impact velocity of the Predicted Mass Model 

(discussed in Chapter 7) the low-altitude portion of the atmospheric descent was investigated using 

computational fluid dynamics (CFD). This work was performed by J. Feaster from Virginia Techôs CRASH 

Lab. The results of this study are summarized below for the purpose of discussion, but the full methodology 

and write up is reported in the Phase I NIAC by Bayandor et al. [2] 

The vehicle is modeled descending through carbon dioxide with fluid properties at VSC: density ”  

φτȢψ ὯὫȾά , and a dynamic viscosity ‘ of σȢρςρπ ὯὫȾά ί [121,140]. In this analysis, the 

aerodynamic impact of the cables are assumed to be negligible and were not explicitly modeled. Neglecting 

the cables yields a more conservative estimate for terminal fall speed and significantly improves 

computational time. 

The free falling TANDEM vehicle was estimated by parametrically varying both fall speed ὠ  and 

rotational velocity around the vehicleôs axis of rotational symmetry independently to understand how ‫ 

those parameters affect the drag to weight balance. This present analysis assumes that the drag to weight 

ratio was a function of purely the fall speed and the angular rotation rate of the vehicle. Parametrically 

studying the descent envelope allows the creation of analytical equations to describe, approximately, the 

relationship between drag force and flight velocity, as well as between Z-axis moment and rotational 
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velocity. For modeling simplicity, it was assumed that the vehicle would only rotate about its axis of 

symmetry. This assumption may prove to be simplistic upon further analysis but is not expected to 

dramatically affect the terminal velocity of the lander.  

The initial estimate of terminal velocity for an 860 kg TANDEM vehicle near the surface of Venus 

was 26 m/s. To estimate the relationship between velocity, drag force and rotational moment, 3 non-rotating 

simulations were run, at velocities of 10, 20, and 26 m/s and an additional two axially rotating simulations 

were run at rotational velocities of -5 and -10 rad/s at a descent rate of 26 m/s. The drag force contribution 

by the compression members and payload are shown in Table 9 for velocities of 10, 20, and 26 m/s. The 

drag force contribution associated with the compression members is roughly seven times that of the payload 

across all velocities. The disparity in drag force between the compression members and payload is due, in 

part, to the compression members entraining flow between in the space between the members and payload. 

The entrainment reduces the effective velocity experienced by the payload, causing a decreased drag force 

contribution. 

Table 9  Force and moment distribution from TANDEM f ree-fall analysis 

ὠÐ (m/s) 
Payload Module Compression Members 

ὊὈ (N) MZ (N-m) ὊὈ (N) MZ (N-m) 

10 132.3 -0.1905 967.8 177.1 

20 572.7 -0.5739 3826.6 689.9 

26 955.4 -1.2302 6443.2 1164.5 

 

The Z-moment for the payload and compression members were entirely caused by the angle of the 

compression members relative to the incoming flow. The relative angle and rotational symmetry of the 

compression members causes a significant moment force while the moment due to the payload is minimal 

because it is axisymmetric.  

Time averaging the drag force and moment, and dividing by the predicted mass from Chapter 7 and 

the predicted moment of inertia τπυȢχ ὯὫ ά , respectively, yields the drag to weight ratio and rotational 

acceleration of the system. By using regression fitting, a system of equations was developed which related 

the angular acceleration, the drag to weight ratio and the descent velocity. By solving this system of 

equations where the drag to weight ratio was equal to 1 and the angular acceleration was zero, it was found 

that the terminal velocity of the lander should be around 25.2 m/s with a rotational velocity of -3.53 rad/s. 

This coincides with a ballistic coefficient of 2,456 ὯὫȾά  or a coefficient of drag of 0.45 based on the 



 

73 | P a g e 

 

projected area of the payload module. Figure 39 shows the iso-surfaces and streamline for the case closest 

to the steady state conditions. 

 

Figure 39   TANDEM v ehicle descending at 26 m/s with a defined 5 rad/s rotation. Iso-surfaces 

are shown for a velocity of 8 m/s. 

 

Development of a Modeling Methodology 

A goal of this research was to show that TANDEM is able to provide sufficient impact resistance 

to enable safe landing in the Tessera region. To this end, a methodology was developed to accurately and 

efficiently predict the structural response of TANDEM during impact. In the development of this 

methodology a variety of explicit finite element models of various complexity were developed.  

In order to maintain a low computational expense, it is preferable to model the tensegrity structure 

using only beam or rod elements. As the primary loads acting on the tensegrity structure are in line with 

each component, a 1D element appears to be a reasonable modeling assumption. In order to verify this 

modeling assumption a comparison of element formulations was conducted to show if vehicle response was 

preserved throughout the various modeling methods. Figure 40 shows a comparison of the TANDEM model 

with the compression members designed with 1D beam elements and 2D shell elements. Both models are 

identical except the type of element used to model the compression members. For this study all of the 

tension members were modeled with a 1D cable element. The cable element utilizes a bilinear, elastic 

constitutive relation; under a tensile loading the cable is perfectly elastic, whereas when the element is place 

in compression the cable provides no resistance.  
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                        (a)                                                                            (b) 

Figure 40   Identical finite element models of TANDEM using two different modeling 

methodologies. (a) shell element formulation (b) beam element formulation 

 

Four models were developed for each compression member element formulation type. Two models 

used rigid elements for the compression members with the other two using deformable elements. The other 

parameter explored was whether or not a mesh refinement should be used in modeling the tension members. 

For purely axial loading, with no dynamic effects, a single 1D element can fully capture the deformation of 

a rod or beam. However, the dynamics of the impact scenario induced a non-axial inertial load on the 

tension members. A mesh refinement of the cable elements allows them to deform in a transverse direction 

based on these inertial loads.  

 In designing a tensegrity structure for impact speeds ranging from 15 m/s to 30 m/s, it is important 

to have well-designed compressive members. If they are under-designed, the compressive members may 

buckle on impact. Fortunately, member buckling (even multi-member yielding) does not always result in 

mission failure, as the load will be redistributed throughout the tension network. If the compression 

members are significantly over designed, the resulting structure will be too heavy to be supported. An over 

designed structure can lead to tension member failure, excessive shock response, and can also result in the 

payload module impacting the surface. Additionally, it is also important not to put the tensegrity frame in 

its stiffest configuration. An overly-stiff configuration will result in excessively large g-loading. However, 

if the lander configuration is too compliant, the payload module may contact some of the compressive 

members or the surface on impact. Both of these contacts can lead to mission failure, as they can cause the 

pressure vessel to buckle, damaging the scientific equipment inside. All of these considerations must be 

taken into account during the impact analysis stage in order to produce a viable tensegrity lander. 
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Utilizing the vehicle terminal velocity from the flight mechanics simulation and landing 

configuration from the form-finding algorithm, the initial impact of the vehicle is simulated. The simulation 

is used to verify that the current design and configuration is adequate for the impact conditions (i.e., the 

tensegrity configuration provides sufficient stiffness but is not overly constrained, no buckling of the 

compressive members occurs, and payload g-loading does not exceed the maximum threshold). 

Because the atmosphere is very dense at the surface, it may have a significant contribution on the 

impact scenario by adding a notable amount of drag and viscous damping to the system. Additionally, the 

deformation of the ground will add to the energy dissipation. However, neither effect is included due to the 

significant computational expense they required. Both of these mechanisms add to the energy dissipation 

on impact, removing them assures that the simulation is a conservative approximation of the landing 

sequence. A higher fidelity impact simulation can be made by modeling these two effects as a fluid-structure 

interaction (FSI). A study by Horton et al. investigated explicit fluid solvers available in commercial FEM 

software [141]. The coupled Lagrangian-Eulerian (CLE) method was shown to be a robust monolithic 

system that can be implemented into this modeling methodology to better capture the energy dissipated by 

dense atmosphere or by landing on soft soil. 

 For the development of a modeling methodology, a sample impact scenario was devised. In this 

scenario a TANDEM vehicle was designed to impact the surface at 10 m/s carrying a 180 kg payload 

module. This vehicle used the landing configuration reported above in Table 8 with a compression member 

length of 2 m and the shortest tension member being 67 cm. The compression members have an average 

diameter of 5 cm and wall thickness of 6 mm. Figures 41 shows a typical impact sequence for this model. 

 

Figure 41   Time-lapse of 0° orientation impact simulation of a 180 kg payload model at 10 m/s 

 

Pretensioning of the Tensegrity before Impact 

From the Equilibrium equations presented in Chapter 2, it is known that the geometry of tensegrity 

structures dictates the tension coefficient of each member. The true load in each member is found by 

multiplying the tension coefficient by a scale factor. For structures with a low pretensioning load, 

gravitational loads (and other external forces) will dominate the load experienced by each member. 
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Alternatively, when the structure has higher levels of pretensioning, the effects of gravity become negligible 

and the tension coefficients will be better predicated by Eq. (26). It is noteworthy that while pretensioning 

the structure increases the stiffness of the structure [131] making it more resistant to quasi-static and 

vibrational loads, it does not significantly affect the impact characteristics of a structure for impact 

simulations.  

The tension coefficient of each member is a function of the vehicleôs geometry. As a result they 

are, in a way, preprogrammed into the structure. Even in an impact scenario, the relative loads of each 

member are largely maintained. This is demonstrated in Table 10. The impact simulation in Table 10 does 

not include any member pretensioning, yet the basic loading on each cable throughout the impact 

correspond to the analytical tension coefficients for a static structure. It is expected that there would be 

some deviation between the static solution and the impact simulation due to the dynamics of the members 

and the deformation of the structure. 

Table 10 Comparison of dynamic load paths and static tension coefficients 

Member 
Coefficient 

Analytical 

Coefficients at 

10 ms 

Coefficients at 

25 ms 

Coefficients at 

40 ms 

1 0.536 0.643 0.694 0.639 

2 0.657 0.677 0.668 0.624 

3 0.447 0.315 0.307 0.329 

4 1.000 1.000 1.000 1.000 

5 0.357 0.308 0.301 0.363 

6 0.516 0.587 0.595 0.626 

7 0.552 0.615 0.641 0.627 

8 0.728 0.668 0.654 0.683 

9 0.438 0.442 0.408 0.428 

 

Figure 42 contrast two simulations, one with pretensioning and on without. As can be seen the two 

simulations are virtually the same both for the payload acceleration in Fig 42 (a) as well as the force in a 

sample member in Fig 42 (b). In Figure 42(b) the initial tension scale factor can be seen to increase by 

multiple orders of magnitude from the initial scale factor at time=0 to the peak loading approximately 70 

milliseconds later. This shows how the typical pretensioning of a structure will be dwarfed by impact loads. 

Thus the initial tension scale factor is not a significant contributor to the general impact characteristics. To 

incorporate the scale factor into a FEM simulation the model must undergo a stress initialization. This can 
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be computationally expensive and does not significantly affect the impact characteristics. For these reason 

the tension scale factor was not included in the modeling methodology. 

   

Figure 42   Comparison of response from pretensioned and relaxed structures (a) Payload 

deceleration (b) peak force in tension member  

Modeling the Compression Members with Beam Element Formulation 

This investigation found that the introduction of a mesh refinement for the cable elements induced 

numerical instabilities in the models that utilized beam elements for the compression members. Thus, of 

the four models developed that utilized beam elements for the compression members, only two models 

produced results. While the beam element models require minimal computational power, neither model 

performed exceptionally well. Both models were able to predict similar kinematic response to the higher 

fidelity simulations. However, they both over predicted the minimum clearance between the payload 

module and the impacting surface and over predicted the rebounding velocity. Figure 43 shows the g-load 

magnitude on the payload module for the models utilizing beam elements for the compression members. 

The model that incorporated the rigid compression members more similarly matched the kinematic response 

of the higher fidelity models, but it was found that the use of rigid 1D elements introduced a significant 

amount of numerical noise into the payload acceleration data. While the noise could be partially filtered out 

with a low bypass filter, as seen in Fig. 43, a more preferable solution was found using shell elements to 

model the compressive members.  
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Figure 43   Magnitude of the g-load on the payload module for the models utilizing beam 

elements for the compression members. The rigid beam model was filters at 60 Hz 

Modeling the Compression Members with Shell Element Formulation 

All four of the models that utilized shell elements correlated very well with each other. All four 

models brought the payload to zero velocity at approximately the same time, roughly 70 ms after impact. 

Figure 44 shows the position of the payload module for the four models as a function of time. As expected, 

the minimum clearance between the payload module and impacting surface was notably smaller for the 

models that utilized rigid element for the compression members. This was because additional energy was 

dissipated through the deformation of the compression members. It can also be seen that the incorporation 

of the refined cable mesh resulted in only minor deviations in the kinematic response of the payload between 

both the rigid models and the deformable models. 
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Figure 44   Comparison of the four developed impact model that utilize the shell element 

formulation for the modeling of the compression members 

 

Because the system has a high number of degrees of freedom, it can be helpful to understand the 

dynamic response of the vehicle on impact by looking at the velocity of the payload module. For this impact 

analysis the lateral velocity of the payload was set to 0 m/s, thus only the vertical velocity is reported. 

Figures 45 reports the velocity of the payload module for the four shell element models, as well as the two 

beam element modules. For communication purposes, the kinematic response of the lander has been broken 

into three sections, as seen in Fig. 45: Initial contact from impact to 35 ms, constant deceleration starting 

after 35 ms, and payload rebound beginning as the payload velocity changes direction.  

 

Figure 45   Comparison of all 6 impact model for the development of the modeling methodology 
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In the first section, initial contact, the expected response of a tensegrity lander during initial contact 

was captured by the two deformable shell models, which both predicted a smooth deceleration of the 

payload through the initial contact stage. As the vehicle contacted the surface, the lower compression 

members began to buckle slightly. Although this minor buckling does not result in any plastic deformation, 

it acts as a spring, providing a near constant force on the impacting surface. 

Alternatively, the beam models and both rigid shell models reported a sudden decrease in velocity 

and then maintained a constant velocity thought that stage. This unexpected response was a result of the 

lower compression members recoiling after initial contact. The recoil occurred because the compression 

members in these model were all restricted from any non-axial deformation, thus preventing them from 

bending as the deformable shell elements had done. The delay in deceleration is a direct contributor to the 

larger stroke experienced by these models.  

The next stage begins after the initial recoil of the lower members. At this point all of the models 

behave roughly the same, providing a relatively constant deceleration of the payload module. The constant 

deceleration is a result of the vehicle landing on a surface normal to its axis of rotational symmetry. Because 

of the configuration of the structure, the impact shockwave was evenly distributed around the structure, 

resulting in a near constant loading on the payload. However, as the shockwave was able to travel through 

rotationally symmetric load paths from the bottom of the lander to the top with very little attenuation, when 

the shockwave reached the top it was reflected back down into the payload model through the upper inner 

cables. The reflected shockwave resulted in a sudden velocity change of the payload module, which is 

evident in most of the model reported in Fig. 45. The constant deceleration stage lasted different lengths of 

time for the different models, but was terminated by this reflected shock wave. As each of the models 

arrested the payload, they rebounded with various velocities. The over prediction of the rebound velocity 

compared to the deformable shell elements, which is the highest fidelity model, can be attributed to 

numerous causes but an effect common to all of the models is that they were restricted from bending the 

compressive member. This restriction limited the amount of kinetic energy that could be dissipated in these 

model, resulting in a rebounding velocity larger than should be expected. 

These simulations were developed to verify that a design is able to protect the payload module on 

impact. The clear connotation is that, for a given velocity and orientation, the tensegrity structure prevents 

the payload module from contacting the impact surface or any of the structureôs own compression members. 

There is, however, an additional requirement. The tensegrity structure must protect the payload module in 

a manner that does not subject the payload module and its sensitive on-board equipment to excessive g-
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loads. One of the many benefits of TANDEM is its implementation of a low ballistic coefficient deployable 

heat shield, which significantly reduces the entry loads experienced by the payload module compared to 

traditional entries. However, the benefit of the reduced entry loads is nullified if the landing sequence results 

in a significantly larger g-load. In order to develop an efficient vehicle, it must be designed such that these 

two primary loads are keep in a similar magnitude. Of course, there are some differences as the entry loads 

endure over time and the impact loads are impulse loads. Thus, the impact loads can be of a slightly larger 

magnitude. 

 The velocity and position plots are useful for understanding the kinematic variance of each 

developed model. Understanding these differences helps in selecting a model that efficiently balances 

realistic behavior and low computation expense. Figure 46 shows the acceleration magnitude of the four 

models that utilized shell elements to represent the structureôs compression members. As seen in the 

velocity and position plots, Figs. 44 and 45 respectively, there is a close similarity between the refined cable 

models and single element cable models. Both types of models report the same trend, except that refined 

cable models of both reported notably lower peak loads than their single element counterpart. While this 

analysis does not reveal which of the four models best represents what would happen in a physical drop 

test, it does reveal that the use of a single cable element to model each tension member preserves the 

kinematics of the payload during impact and reports a more conservative peak g-load prediction. This 

modeling methodology was validated against a series of drop test experiments. 

 

Figure 46   Magnitude of g-load on the payload module for the models that utilize shell element 

formulation  
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Contrasting the deformable and rigid models, the recoil on first contact experienced in the rigid 

body model can be seen. From Fig. 46 it is evident that in the rigid models there was not a single recoil but 

three distinct bounces of the lower compression members. We know from analyzing Figs. 44 and 45 that 

this bouncing results in a small overall clearance between the bottom of the payload and the impacting 

surface, but as we see in Fig. 46 it has only a minor effect on impact loads experienced by the payload. 

After the initial contact stage, all four models report very similar responses.  

Notice also that if we are only interested in the max gôs the payload module experiences, then there 

is very little difference between the values reported by the rigid compression member model and the 

deformable compression member model. To show that this result is repeatable, the rigid and deformable 

single cable element models were run at three additional orientations. Figure 47 contrasts the payload 

accelerations of the rigid and deformable models when the models have been rotated about the x-axis 30°, 

60°, and 90°.  

 

                        (a)                                    (b)                                       (c)                                      (d) 

Figure 47   Parametric orientation study (a) baseline impact orientation, (b)baseline rotated 30° 

about the X axis (c) baseline rotated 60° about the X axis (d) baseline rotated 90° about the X axis 

 

For these impact conditions, it has been shown that the peak deceleration load for the rigid and 

deformable models are within 12.5% of each other for three of the four orientations. This is a significant 
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find, as the deformable model takes approximately 4 times the computational power as the rigid model. 

Thus, for most simulations, the lower computational expense model can be used. There are exceptions 

where the rigid model does not match well with the deformable model, as seen in Fig. 47 (d). The difference 

in peak load is a result of the payload module contacting a compression member in the rigid model but not 

in the deformable model. As discussed previously and shown in Fig. 44, the rigid model over predicts the 

maximum displacement of the payload module. Additionally, in the deformable model when the 

compression members bend, they tend to bend outward, away from the payload module. In light of this, the 

rigid model is a conservative model for impact analysis, provided the compression members are well-

designed. Thus, if the rigid body simulation predicts the payload module contacts one or more of the 

compression members or the impacting surface, a deformable model should be run to confirm that 

conclusion. In many cases, when the rigid body model predicts a contact, the deformable body shows a 

large clearance as seen in Fig. 48. 

 

         (a)                                                                         (b) 

Figure 48   Comparison of rigid (a) and deformable (b) compression members models shows that 

the rigid model predicts false collisions 

 

From this analysis of various modeling methodologies, it was found that the use of beam elements 

to represent the compression members of a tensegrity lander, in the method described, is not feasible. The 

beam elements resulted in inaccurate kinematics and excessive numerical noise in acceleration data. An 

alternative method of using beam elements, proposed by Rimoli [142], may yield more favorable results, 

but this methodology was not attempted in this study. The next section of this chapter aims to validate the 

describe modeling methodology be contracting it with a physical drop test experiment. 

Drop Test Validation 

A TANDEM lander was built at roughly one-third the size of the 180 kg vehicle and designed to 

impact at one-quarter the impact velocity. The prototype is show in Fig. 49. Unlike the full scale vehicle, 
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the drop test model was not designed to be an active structure. Instead of implementing stepper motors to 

adjust the length of each tension member, the design was simplified to incorporate turnbuckles which could 

be manually adjust to the desired member length. As this prototype was not to be used for control strategy 

validation, this alteration was appropriate and drastically reduced cost as well as design and manufacturing 

time. The prototype was designed as described in Table 11. 

 

Table 11 TANDEM d esign parameters for drop test prototype  

 
   SI English 

 

 
Rod Length  (cm | in) 76.2 30 

 

 
Rod Mean Diameter (cm | in) 1.9 0.75  

 

 
Rod Wall Thickness (cm | in)   0.159 0.0625  

 

 
Rod Mass (kg | lbs) 0.52 1.15 

 

 
Total Vehicle Mass (kg | lbs) 21.14 46.5 

 

 
Mass w/o Payload  (kg | lbs) 13.64 30 

 
 

 

Figure 49   TANDEM p rototype for drop test 

The tension members were pretensioned sufficiently such that gravitational effects did not place a 

significant role in the internal force of each member. Recall from Chapter 2, that the equilibrium equations 

do not include temperature, gravity or external forces. This approximation is appropriate only when the 

pretensioning is significantly larger than the contributions from those forces. In practice, this is each to 
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determine as the structure will sag if sufficient pretensioning is not applied. When the structure is rested on 

its various faces, the operator will notice that the overall geometry of the structure adjusts as its weight is 

shifted. Whereas when the structure is properly tensioned, the structure will maintain a constant shape 

regardless its orientation.  

For completeness the level of tensioning in each tension member was measured using Micro-

Measurements 250BF-350 strain gages [143]. A gage was applied to the turnbuckle of each tension member 

in a rotational section. A correlation factor was measured to convert the strain of the turnbuckle into pounds 

of applied load. Based on strain gage measurements the tension scale factor was 400 N (90 lbs).  Due to 

manufacturing constraints, the same tension member length coefficients could not be maintained in the drop 

test prototype as was used in the remainder of this dissertation. The following table provides the contrast 

the length and tension coefficients of the two geometries. 

Table 12  Form-Finding Input Parameters of Standard Configurations 

          

Length 

Coefficients 

Member 

1 

Member 

2 

Member 

3 

Member 

4 

Member 

5 

Member 

6 

Member 

7 

Member 

8 

Member 

9 

Prototype 1.25 1.00 1.00 1.00 1.00 1.25 1.00 1.00 1.00 

Full Scale 1.50 1.00 1.00 1.00 1.00 1.50 1.00 1.25 1.00 

Tension 

Coefficient 

Member 

1 

Member 

2 

Member 

3 

Member 

4 

Member 

5 

Member 

6 

Member 

7 

Member 

8 

Member 

9 

Prototype 0.536 0.657 0.447 1.000 0.357 0.516 0.552 0.728 0.438 

Full Scale 0.473 0.634 0.510 1.000 0.360 0.530 0.585 0.597 0.480 

          
 

The drop test model was capable of being run tethered or untethered depending on the scale of the 

drop. Tethered drops were able to record at a sampling rate of 5.12 kHz using a PCB Piezotronics shear 

accelerometer Model# 352C03 [144]. This was ideal for small drops. For larger drops, the vehicle could 

run untethered, where an onboard Raspberry Pi 3b [145] was used to record acceleration data at a frequency 

of 3.2 kHz with a maximum range of +/- 200 gôs using an Analog Devices ADXL375 digital MEMS 

Accelerometer [146]. The prototype was dropped onto a flat cement surface at an impact velocity of 

approximately 2.45 m/s, corresponding to a 1 ft free fall drop. An example of the raw vertical acceleration 

data from one of the 6 drops is provided in Fig. 50. 
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Figure 50   Payload acceleration data from drop test #2 

The payload acceleration measured in the FEM simulation is a rigid body acceleration, which 

measures the kinematics of the payload module on impact. On the other hand, the acceleration data from 

the physical drop test measured the acceleration of a specific point, on a deformable body.  As a result, it 

can be seen in Fig. 50 that there is more high frequency data in the drop test than has been seen previously 

in the FEM simulations. This high frequency data was expected due to the different methods of measuring 

acceleration data in the real world versus a virtual environment. The high frequency data obscures the 

overall trend of the payload on impact. However, it is hard to know which frequencies should be filtered 

out of the data to remove excess noise without compromising or over simplifying the complex dynamics of 

the payload on impact.  

Much of this noise is thought to have been introduced from various component of the payload 

module which are not explicitly modeled in FEM simulations. For example, in the FEM simulation the 

inner cables were perfectly bonded to the payload module whereas in the physical model they are connect 

via chain links. This loose contact may induce vibrations to the payload module under highly dynamic 

loadings. Additionally, the accelerometer was mounted on to a steel plate which will also vibrate on impact. 

In order to identify the frequency range that contains the most important data, an equivalent FEM model 

was developed, using the same methodology as described above. The FEM model does not contain the 

same mechanisms that induce the high frequency data and as such it will help to highlight which frequency 

range is most crucial to analysis and what frequencies should be filtered out in order to accurately analyze 



 

87 | P a g e 

 

the impact. The vertical payload acceleration from the FEM simulation and the data from all six drop test 

were feed into a Fast Fourier Transformation (FFT). The two FFT plots are shown in Fig. 51. 

 

Figure 51   Fast Fourier Transformation (FFT) for FEM simulation and drop test experiment 

 From the FFT, it can be seen that both the drop test and the simulation have a similar initial peak 

frequency. This adds confidence to the modeling methodology by showing that both models behave 

similarly. It can also be seen that, for the simulation, most of the high amplitude data occurs before 240 Hz. 

In the physical drop test there are at least three significant peaks that occur after 240 Hz, two of which are 

not seen at all in the simulation. Thus, a cutoff frequency of 240 Hz was selected as it does not significantly 

alter the data from the simulation but still removes much of the high frequency data that is unique to the 

physical test. 

 The acceleration data from the six drop test and the corresponding simulation are presented in Fig. 

52. This data was passed through a low-bypass filter with a cut off frequency of 240 Hz. Notice that a fair 

amount of variability from the physical drop test is seen, yet the overall trend remains constant. This was 

expected due to the slight variations in the drop conditions. Each drop landed approximately in the baseline 

impact orientation, where the impact surface normal is parallel with the vehicleôs centerline or axis of 

rotational symmetry. However, the numerical precision that was obtained in the simulation is not achievable 

in practice. In order to maintain consistency between drops, an effort was made to insure that the coning 
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angle error (the maximum angle between the surface normal and the vehicleôs centerline) was not greater 

than ±5° for any drop. However, Drop Test 3 and 6 may have been outside of this range. Although their 

basic loading and unloading trend is of a similar magnitude as the other cases, it lacks some of the key 

markers predicted by the simulation that are present in the other 4 drops.  

 

Figure 52   Payload acceleration data from all 6 drop tests and FEM simulation, all acceleration 

data was filtered at 240 Hz  

Although there remains some variation in amplitude and frequency in the first 5 drops, the general 

trend shown the simulation data was also captured by all of them. In each of these drop test an initial 

acceleration spike can be seem, followed by a short lull where the acceleration drop back to nearly zero. 

The lull is followed by a sharp increase in acceleration where the maximum gôs are encountered. Although 

each of the drops experiences the peak at a slightly different time, the peak gôs seems remains consistent 

especially for the first five drops. Table 13 shows the peak acceleration seen in each drop as well as the 

percent difference compared to the simulation. As can be seen most of the drop test experience 

approximately 4-5 gôs lower than the simulation predicts. This was satisfactory as the modeling 

methodology was designed to a rapid, low-fidelity, conservative impact model. Keep in mind therefore, 

that the acceleration values reported in the upcoming sections will also be conservative and may be as much 

as 15-20% over the actual impact scenario.  

Following the peak g, the load decreases until the vehicle rebounds off of the surface. This 

rebounding occurs for all drop test at 75 ms and is marked by a sharp negative acceleration. It is interesting 
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that the rebounding gôs can in some cases be approach the gôs experience during max loading while in other 

cases it is much more benign. It is unclear what causes this variance and will be explored to see if it occurs 

in other cases. The largest discrepancy between the physical cases and the simulation is in the section after 

the rebound. In this time range, the simulation predicts an oscillating payload acceleration of ±10 gôs while 

all of the physical cases converge down to a nearly constant value. This difference could be simply 

explained by the fact that there is no damping in the simulation, so the payload will continue to oscillate 

after the vehicle rebounds off the impact surface. In the physical drop test these vibrations were damped 

out by the structure and the air around it. 

Table 13  Peak acceleration data from drop test compared to FEM simulation 

  
Peak Load  

(gôs) 

Max 

Difference 

Percent 

Difference 
 

 Drop Test 1 20.6 5.3 20.5%  

 Drop Test 2 21.2 4.7 18.1%  

 Drop Test 3 18.5 7.4 28.6%  

 Drop Test 4 21.9 4.0 15.4%  

 Drop Test 5 21.9 4.0 15.4%  

 Drop Test 6 17.8 8.1 31.3%  

 FEM Simulation 25.9 N/A N/A  

 

Drop Test 3 and 6 experienced a noticeably lower peak g than the other drop tests. Both test reported 

a variance in peak acceleration around 30%. While there is a fair amount of variability in the drop test 

models, these cases also yielded some noticeable changes to the impact response especially in the initial 

impact to peak loading time range. Due to this, it is believed that these two drops may not have been 

performed under the assumed drop conditions. It is possible that these drops were released of axis, at a 

lower drop height, or a combination of the two. From the orientation study done above, results in Fig. 47, 

it is known that landing off axis may result in a decreased peak loading as well as a less pronounced lull 

between the initial contact and the maximum loading. Both of these characteristic are present in data from 

drop tests 3 and 6. Figure 53 compares these two off nominal cases from the physical drop test with a 

simulation of the drop tilted 5° of axis.   

The purpose of the simulation in Fig. 53 is not to match the trend of the two different drops but to 

demonstrate how an off axis error can affect maximum deceleration of the payload. By varying the 

orientation of the off-axis simulation, it is believed that the general trend seen in drop tests 3 and 6 can be 
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captured, even the initial negative acceleration seen in drop test 3, which has been seen for some 

orientations. Given the variance in the test conditions, the conservative approach of the modeling strategy, 

and the low level of complexity in the FEM simulation; there is a great correlation between maximum g-

load predicted in the virtual drop test and what actually occurs physically. 

 
Figure 53   Comparison of 5° off axis drop test simulation with physical drop test outliers 

While the over overall trend of the drop test experiment was captured by the simulation and the 

maximum deceleration seen by the payload module was predicted within 5 gôs for most cases, the percent 

difference reported in Table 13 is deceptively high. To better show how well the simulation was able to 

capture the impact response of the vehicle the Power Spectral Density (PSD) of all 6 drops and the FEM 

simulation were compared, as shown in Fig. 54. Before being transformed into the frequency domain, the 

acceleration data was passed through a 150 Hz low by-pass filter so that only the data correlating to the 

impulse loading on the was considered. 

Qualitatively the PSD of the simulation correlates well with the physical results, as it can be seen 

in Fig. 54 that the response from simulation is within the range of responses from the physical drop test. 

Quantitatively, it is generally accepted that the primary response of the structure has been captured if the 

PSD of the simulation is with 3 dB of the experiment. Based on the data shown in Fig. 54 the maximum 

difference between the physical experiment and the simulation for the peak response was less than 2 dB. 
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Figure 54   Power Spectral Density of the 6 drop test and the FEM simulation 

Parametric Impact Study 

Using the developed modeling methodology, as series of landers were developed to find any trends 

that may exist. Two 1 m diameter payload modules were used, one weighing 180 kg in total and the other 

weighing 260 kg. Various efficient, but not optimized, lander designs were developed based on three 

different impact velocities: 10, 20 and 30 m/s. Table 14 reports the dimension and masses of each vehicle 

design. 

Table 14  Parametric TANDEM d esigns based on payload mass and impact velocity 

 
 

  180 kg Payload Module 260 kg Payload Module  

 
   10 m/s 20 m/s  30 m/s 10 m/s 20 m/s  30 m/s  

 
Rod Length  (m) 2.0 2.5 3.0 2.0 2.8 3.0 

 

 
Rod Mean Diameter (cm) 5.0 7.8 11.5 5.0 8.5 11.5 

 

 
Rod Wall Thickness (cm) 0.6 0.6 0.6 0.6 0.6 0.6 

 

 
Rod Mass (kg) 11.0 186.0 33.6 11.1 22.8 33.6 

 

 
Total Vehicle Mass (kg) 338.3 531.0 696.7 463.0 672.0 889.4 

 

 
Mass w/o Payload  (kg) 158.3 351.0 516.7 203.0 412.0 629.4 

 
 Maximum G-load on Payload 59.9 96.9 224.4 35.3 87.0 192.9  

          


























































