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Morphing Hypersonic Inflatable Aerodynamic Decelerator 

(HIAD) Mechanisms and Controls 

 

Adam C. Milne Slagle 

 (ACADEMIC ABSTRACT) 

 

To enable a crewed mission to Mars, precision landing capabilities of Entry, Descent, and 

Landing (EDL) systems must be improved. The need for larger payloads, higher landing sites, 

and controllability has motivated the National Aeronautics and Space Administration (NASA) to 

invest in new technologies to replace traditional rigid aeroshell systems, which are limited in size 

by the payload envelope of existing launch vehicles. A Hypersonic Inflatable Aerodynamic 

Decelerator (HIAD) is an emerging technology that provides an increased drag area by inflating 

the aeroshell to diameters not possible with rigid aeroshells, allowing the vehicle to decelerate 

higher in the atmosphere, offering access to higher landing sites with more timeline margin. To 

enable a crewed mission to Mars, future entry vehicles will require precision landing capabilities 

that go beyond heritage EDL guidance strategies that utilize fuel-intensive and error-prone bank 

reversals. A novel Direct Force Control (DFC) approach of independently controlling the lift and 

side force of a vehicle that utilizes a HIAD with an aerodynamic shape morphing capability is 

proposed. To date, the mechanisms and controls required to morph an inflatable structure to 

generate lift have not been explored. In this dissertation, novel morphing HIAD concepts are 

investigated and designed to satisfy mission requirements, aerodynamic tools are built to assess 

the aerodynamic performance of morphed blunt body shapes, and a structural feasibility study is 

performed using models correlated to test data to determine the forces required to generate the 

desired shape change based on a crewed mission to Mars. A novel control methodology is 

introduced by applying a unique DFC strategy to a morphing HIAD to enhance precision landing 

capabilities of EDL systems, and the ability of a morphing HIAD to safely land a vehicle on 

Mars is assessed by performing a closed-loop feedback simulation for a Mars entry trajectory. 

Finally, a control mechanism is demonstrated on a small-scale inflatable structure. Conclusions 

and contributions of this research are presented along with a discussion of future research 

opportunities of morphing HIADs.  
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Morphing Hypersonic Inflatable Aerodynamic Decelerator 

(HIAD) Mechanisms and Controls 

 

Adam C. Milne Slagle 

 (GENERAL AUDIENCE ABSTRACT) 

 

A Hypersonic Inflatable Aerodynamic Decelerator (HIAD) is a reentry vehicle designed 

to inflate the aeroshell to diameters outside of the payload shroud to decelerate the vehicle higher 

in the atmosphere, offering access to higher landing sites with more timeline margin. To enable a 

crewed mission to Mars, the landing accuracy of a HIAD must be significantly improved beyond 

heritage bank angle control approaches that are fuel-intensive and prone to errors. A novel Direct 

Force Control (DFC) approach is proposed that permits direct control of the angle of attack and 

sideslip by morphing the inflatable shape of the HIAD to enable its precision landing 

capabilities. A morphing HIAD concept is proposed in this dissertation to satisfy the 

requirements of landing humans successfully on Mars. Aerodynamic tools are built to assess the 

aerodynamic performance of morphed blunt body shapes, and structural models correlated with 

test data are created to determine the forces required to generate the desired shape change. Novel 

DFC methodologies are introduced and applied to a morphing HIAD system, a motor sizing 

study is performed to compare the total energy usage and cost and weight estimates of the 

morphing HIAD to heritage control systems, and a Mars entry trajectory simulation is performed 

to assess the capability of a morphing HIAD to safely land a crewed vehicle on Mars. Finally, a 

control mechanism is demonstrated on a small-scale inflatable structure. Conclusions and 

contributions of this research are presented along with a discussion of future research 

opportunities of morphing HIADs.   
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1. INTRODUCTION  

1.1. Motivation  

Current entry, descent, and landing (EDL) technology is not capable of delivering 

payloads of the size necessary for future human-scale missions to Mars. The need for larger 

payloads, higher landing sites, and precision landing capabilities has motivated the National 

Aeronautics and Space Administration (NASA) to invest in new technologies to replace 

traditional rigid aeroshell systems, which are limited in size by the payload envelope of existing 

launch vehicles. Additionally, NASAôs new exploration directive may require significantly 

heavier payloads to be delivered to Mars prior to the crewôs arrival [1]. The 2012 Mars Science 

Laboratory (MSL) is the most recent example of pushing state-of-the-art rigid aeroshell 

capabilities to the limit, delivering a payload of 950 kg to the Martian surface with a diameter of 

4.5 m. Current EDL technology, however, is limited to landing at lower elevations due to the thin 

atmosphere of Mars, leaving the majority of the planet unexplored. To safely decelerate large 

masses in order to access high surface altitudes in Mars, new technology must be developed to 

increase the drag area of aeroshell systems. 

A Hypersonic Inflatable Aerodynamic Decelerator (HIAD) is an emerging game-

changing lightweight deployable technology that is the next step to increasing mass, landing 

elevation, and controllability for EDL systems. HIADs produce ballistic coefficients significantly 

lower than what is possible for rigid aeroshells by inflating the aeroshell to diameters much 

larger than the aeroshell shroud, as shown in Figure 1 below [2]. This increased drag area allows 

the vehicle to decelerate higher in the atmosphere, which enables precision landing at higher 

altitudes. A NASA agency-level system study, Entry Descent and Landing System Analysis 

(EDLSA) [3], determined that HIADs are an enabling technology for human scale Mars missions 

requiring 40-60 metric tons of payload. 

 

Figure 1: HIAD system 
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To enable a crewed mission to Mars, precision landing capabilities of EDL systems must 

be improved beyond the state-of-the-art. As shown in Figure 2 below, all Mars lander missions 

prior to the 2012 MSL mission have had landing uncertainties on the order of hundreds of 

kilometers [4]. The implementation of a guidance and control system into EDL technology is 

imperative to ensure the durability, reliability, and accuracy of future missions to Mars. MSL 

was the first Mars mission to utilize a control system to Mars, using a fixed offset center of mass 

to provide lift through a 16-20° trim angle of attack. A bank angle control entry and guidance 

system was used, using eight thrusters grouped in pairs, to reduce the size of the landing ellipse. 

A shortcoming of this technique is that the open-loop phase of flight created by the use of bank 

reversals increases targeting errors. With the increasing diameters and inertias of vehicles sized 

for human Mars entry, current reaction control system (RCS) technology cannot respond fast 

enough to roll the vehicle to the desired point and decelerate without any overshoot, and remains 

to be a complex controls problem. 

 

Figure 2: Landing ellipse size relative to the lifted and guidance entry of 2012 Curiosity mission 

A novel, alternate guidance scheme to control the vehicle during hypersonic entry called 

Direct Force Control (DFC) eliminates the open-loop flight error by independently controlling 

the lift and side force of the vehicle. DFC allows for the application of force in the direction 

desired with no cross-coupling error and the ability to turn the force off when no longer needed 

leads to a considerable amount of savings in fuel. As shown in Figure 3 below, a crewed vehicle 

Mars guidance study performed for NASAôs Entry, Descent, and Landing Architecture Study 
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(EDLAS) shows the use of a direct force generation guidance control strategy can result in a 

significant fuel reduction of 2 metric tons compared to bank angle control of a fixed aeroshell 

[4]. In this study, Monte Carlo simulations were run for each concept to track the total 

dispersions for a range of uncertainties that can be encountered during an entry guidance phase. 

Vehicles sized to both concepts need to be carrying enough propellant mass to satisfy the 

limiting cases on the right tail of the bell curves where the most amount of propellant is required. 

These results, therefore, indicate that a vehicle implementing a Direct Force Control scheme will 

save two metric tons of propellant mass as compared to a vehicle implementing bank angle 

control. This dissertation seeks to develop a new form of DFC applied to shape morphing 

capabilities. 

 

Figure 3: Total required propellant mass for Direct Force Control (DFC) and bank angle control 

(BNK) strategies for a crewed vehicle Mars guidance study 

There is a unique opportunity to improve precision landing capabilities by leveraging the 

inflatable shape of the HIAD to benefit Direct Force Control strategies. Inflatable structures offer 

alternative methods to generate lift apart from traditional center of mass (CM) offset mechanisms 

or aerodynamic control surfaces such as Trim Tabs or flaps by modifying the flexible shape of 

the structure. The heating effects of the lift generating capabilities are important to consider 

when designing entry vehicles, and reducing the drag area by deforming the shape should 

produce more benign heating augmentation than employing a tab or flap on the perimeter of the 

aeroshell. Shape morphing is seen as a new opportunity for modifying the lift to drag ratio (L/D) 
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to increase precision landing capabilities in inflatable structures and is deemed a key technology 

to develop by NASAôs Space Technology Roadmap for EDL [5]. Replacing conventional 

passive control, such as a fixed CM offset, with a fully actuated system will greatly improve the 

systemôs performance. By replacing the Reaction Control System (RCS) with morphing 

technology, morphing HIADs will benefit from reduced vibration or control flutter [6]. 

This dissertation explores the concept of morphing and the mechanisms and controls 

required to implement shape morphing applied to a general aircraft structure, and how they can 

be utilized to generate lift in a HIAD structure, and HIADs in particular, through modulating the 

lift to drag ratio (L/D) to actively control the entry vehicleôs trajectory during hypersonic entry 

and to decrease the size of the landing ellipse. This increases the control authority, enables the 

HIAD to deal with changing entry and atmospheric conditions, and furthers precision landing 

capabilities of EDL systems. 

1.2. Goals 

The goal of this dissertation is to develop a mechanism and controller capable of 

morphing an inflatable structure to increase precision landing capabilities of EDL systems. 

Morphing systems are designed, analyzed, and tested to generate lift by controlling the 

magnitude and direction of the lift vector while satisfying performance requirements based on a 

mission application. The goals are subdivided as follows. 1) A conceptual design study is 

performed to investigate and select novel morphing HIAD concepts that satisfy performance 

requirements. 2) A structural feasibility study is performed to generate the desired shape change 

based on a human entry mission to Mars. 3) A novel control methodology is introduced applying 

a unique Direct Force Control strategy to morphing HIADs in order to enhance precision landing 

capabilities of EDL systems.  

1.3. Objectives 

To meet the goals of this dissertation, several objectives are outlined that are followed in 

order to complete each sub-goal listed in the previous section.  

To achieve the first goal, an investigation into the mechanics of inflatable beams for 

fundamental morphing applications is conducted. A series of trade studies is performed to 
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investigate optimal actuators and sensors to morph the inflatable structure and select two novel 

morphing concepts. 

To achieve the second goal, a tool is first developed for analyzing the aerodynamic 

coefficients of morphed aeroshell shapes to determine what shapes are required to achieve the 

performance requirements. Testing is then performed on an inflatable test article to correlate the 

data to a finite element model. A conceptual study is then performed using the correlated model 

adapted to a crewed mission to Mars to obtain an estimate of the loads required to morph the 

vehicle. An entry trajectory simulation is then performed using the obtained lift force and 

actuation rates to assess its lift generating capabilities and effects on heating.  

To achieve the third goal, a novel Direct Force Control strategy is introduced to enable 

independent downrange and crossrange control. A motor design study is performed to choose a 

suitable motor architecture system with energy and cost estimates. The morphing mechanism and 

vehicle dynamics are then integrated into a closed-loop feedback simulation for a Mars entry 

trajectory to assess the ability of a morphing HIAD to safely land a vehicle on Mars. Finally, a 

sub-scale test article is created to demonstrate the effectiveness of using a control and actuation 

system to morph precisely the shape of an inflatable structure.  

1.4. Introduction to morphing  

Morphing technologies have emerged as a promising contender to improve the 

performance of aerospace vehicles. Aircraft morphing is defined as a method, alternate to 

conventional means, such as traditional discrete, hinged control surfaces, of manipulating an 

aircraftôs external shape or modifying and enhancing flight performance. Morphing changes an 

aircraftôs characteristics to achieve better performance or enable tasks to that could not otherwise 

be achieved. There are two broad categories of morphing: configuration morphing and 

performance morphing. Configuration morphing is when an aircraft morphs to change its 

mission in flight. This is the best shape for a point in the flight envelope. Performance morphing 

is when an aircraft changes its structural properties to improve performance. This is achieved by 

modifying its stiffness, camber, and/or leading and trailing edges. Performance morphing can 

also result in drag reduction, roll control, and load reduction [7]. 
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When designing a morphing HIAD system, there are two design philosophies that are 

also applicable to any morphing system: develop a morphing system for the current design or 

design the structure from the ground up that better lends itself to morphing. It is important to 

design according to what benefits are already in place that are advantageous to the morphing 

concept. The inherently compliant nature of an inflatable structure, for example, better lends 

itself to morphing capabilities as opposed to a rigid structure that cannot easily change its shape. 

A smooth and flexible thermal protection system (F-TPS) can smooth out any irregularities due 

to morphing and can also be used as a control surface to pull on. In addition, a non-rigid 

centerbody connection allows pulling on the shape to be more effective, as the shape is allowed 

to deflect beyond what would be capable for a rigid body. When designing a morphing system, 

the design space should be assessed as a whole by asking some common questions, such as how 

much morphing is required to achieve a desired result, what loads are required to achieve the 

desired morphed shape, what type of actuator can achieve the proper force vs. stroke 

relationship, what sensors can monitor the displacement at what frequency in order to be 

effective at controlling the response, how does the structure respond to morphing, and how the 

morphing structure and actuators can be constructed. A summary of the previous work on 

morphing systems and non-symmetric features found in the literature is presented in the 

following section. 

1.4.1. Previous work on morphing and non-symmetric features 

Morphing technologies have been extensively applied to aircraft in order to optimize 

flight for the entire flight envelope, as opposed to traditional aircraft that are only optimized for 

one or two flight conditions. The advantages of morphing are seen to outweigh the added mass 

of the morphing components. One such example is a morphing wingtip, a shape changing 

structure that changes the length of its wingspan to modify the lift to drag ratio while also 

reducing the parking size of an aircraft. Additionally, a telescoping wing uses pneumatic 

telescoping spars to extend the length of the wing during mid-flight. A more complex example of 

this concept is a folding wing, such as the Gull wing, where the wings contain a telescoping spar 

connected to a hinged spar that enables a folding motion [8]. Recent designs follow a swept wing 

design that allows for efficient subsonic and supersonic flight, as seen by the MiG-23, Grumman 

F-14 Tomcat, and the B-1b Lancer [6]. The F-14 Tomcat uses a wing structure made of titanium 
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whose wing sweep is varied to achieve the optimum lift to drag ratio for the Mach number. The 

problems with traditional morphing aircraft arise from their complexity, added weight, and 

maintenance. 

To overcome the problems traditional morphing aircraft face, many designs have turned 

to lightweight ñsmartò materials that have the advantage of high energy density, ease of control, 

variable stiffness, and the ability to tolerate large amounts of strain. There has been recent 

interest in enabling morphing aircraft through the ability of smart materials and structures to 

obtain information and respond to the environment with improved performance. Smart materials 

are generally considered active materials that include piezoelectric, magnetostrictive, and 

ferroelectric materials, optical fibers, electrorheological and magnetorheological fluids, shape 

memory alloys, shape memory polymers, electro-active polymers, and multifunctional nano-

composites. Smart structures include auxetic honeycombs, variable-stiffness tubes, multi-stable 

structures, and corrugated structures. Some of the defining features of smart materials and 

structures include self-actuating, by producing an output in response to a stimulus, self-sensing, 

by generating a signal or undergoing strain in response to an environmental change, and self-

adaptive, by changing its geometry to adapt to its environment. Smart materials can be designed 

to operate as actuators, sensors, and even controllers to control vibration, noise, and airflow [9]. 

Some examples of smart materials applied to morphing concepts include a deployable wing with 

shape memory polymer (SMP) composite skin [10], active vibration control of an F/A-18 

vertical stabilizer with piezoelectric actuators [11], and the extension and canting of a morphing 

winglet with a corrugated structure [12].  

Inflatable structures, due to their compliant nature, lend themselves to many different 

morphing aircraft concepts. Inflatable wings have been investigated as early as the 1930ôs, but 

Goodyear built what is considered perhaps the most successful inflatable airplane between 1955 

and 1972 called the Inflatoplane. The Inflatoplane pressurized the wing skin while controlling 

the shape with tension elements between the top and bottom surfaces. A concept for an inflatable 

reentry vehicle was even proposed in 1962 by the Aerospace Corporation. The recent 

development of braided tubular beam structures has spurred the development of inflatable 

structures due to recent advances in manufacturing technology and the availability of high 

tenacity, high modulus fibers. Such structures can withstand high inflation pressures, which is 
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the key to achieving high strength before the onset of wrinkling. The components of an inflatable 

braided spar are an internal gas barrier fabricated from an elastomeric film that is impermeable to 

the inflation gas, the bias braid consisting of fibers oriented at an oblique angle that is 

responsible for containing the inflation pressure structurally in the circumferential direction, and 

the spar caps which are axial reinforcements that carry the largest portion of the axial reaction to 

pressure and provide the spar with bending stiffness. Braided inflatable spars provide new 

opportunities for designing inflatable aircraft and have been used in a variety of prototype air 

vehicles. Initially, development focused on parafoils and paragliders, while recent unmanned 

aerial vehicle (UAV) design has shown renewed attention to designing the wing section using 

multiple inflatable spars [13]. 

A study by ILC Dover investigated several different actuation methods of morphing 

inflatable wings for compact UAVs. Some of the inflatable actuator types include piezoelectric 

actuators, electro-active polymers, shape memory alloys, pneumatic chambers, nastic cells, and 

distributed motor-actuator assemblies [14]. While an attractive option for UAV research, many 

of these actuation systems cannot be appropriately scaled to large systems requiring large force-

to-stroke outputs until the technology is further matured. This study, however, did prove that 

inflatables can be used as an effective means to morph an aircraft. One such example is a series 

of trailing edge actuation devices that are used to flex the trailing edge of a wing. By applying an 

opposite polarity voltage to an upper and lower macro fiber composite (MFC) actuator bonded to 

a metallic substrate on the edge of a wing, the substrate is caused to curve upward or downward. 

This concept has potential applications for morphing current Trim Tab aerodynamic control 

surfaces on re-entry vehicles. An additional study demonstrated the feasibility of morphing 

trailing edge control using flexible matrix composite (FMC) actuators [15]. Other work in the 

literature has demonstrated a new concept of active honeycomb structure for morphing wingtip 

applications based on tubular inflatable systems and an auxetic cellular structure [16].  

Smart inflatable structures have also seen an increased representation in space related 

applications due to their lightweight properties, low deflated volume, and high strength-to-mass 

ratio. Due to the limited forces they can exert, a study of the optimal sizes and placements of 

piezoelectric actuators and sensors is performed for an inflated torus for the application of an 

inflatable antenna in space [17]. A control theory is presented for the application of shape 
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memory alloy actuators in active shape control of inflatable space structures [18]. The assembly 

of smart space structures using inflatable shape changing colonies is also presented [19]. 

Adaptive inflatable structures have additionally found their way into many different fields 

outside of aerospace. A feasibility study of adaptive inflatable structures for protecting wind 

turbines shows that controlling the release of compressed air of a torus-shaped inflatable 

structure that surrounds a wind turbine tower at water level can help the system adapt to various 

impact scenarios during collisions with small ships. [20]. A study on an innovative inflatable 

morphing body structure has been shown to improve the crashworthiness of military and 

commercial vehicles [21]. Pneumatic torsional actuators for inflatable robots have also been 

developed, showing that these new materials can outperform electro-magnetic actuators or 

motors by satisfying weight, safety, and performance requirements [22].   

While morphing has not seen any recent development for re-entry vehicles, there remains 

an ongoing need to develop new guidance strategies to increase precision landing capabilities for 

entry, descent, and landing (EDL). While traditional guidance control using bank reversals and 

mass jettisons were demonstrated during the Mars Science Laboratory mission of 2012, new 

approaches look to go beyond heritage approaches to achieve the required performance and 

precision landing requirements, such as actively controlling the lift vector using an active center 

of mass offset, deploying a non-symmetric shape to generate a non-zero lift to drag ratio at its 

trim angle of attack (AoA), or using aerodynamic flaps. Moving a CM offset mechanism to 

generate lift in a HIAD was demonstrated in the Inflatable Re-entry Vehicle Experiment 3 

(IRVE-3) in 2012 [1], and a recent study demonstrates the capability of using internal moving 

mass actuator (IMMA) control systems for improving Mars precision entry guidance of rigid 

capsules and demonstrating precision guidance capabilities of HIADs [23]. The Adaptive 

Deployable Entry and Placement Technology (ADEPT) as shown in Figure 4 below is a semi-

rigid, mechanically deployable hypersonic decelerator that is also proposed for human missions 

to Mars [24]. The mechanical actuation system deploys akin to an umbrella, and asymmetric 

concepts have been proposed by changing the lengths of the struts to deploy an asymmetric blunt 

body shape that can generate measurable lift.  
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Figure 4: ADEPT configuration 

Trim Tabs, as shown in Figure 5 below, have been tested extensively as a non-symmetric 

feature on aeroshells and are also a candidate for potential use on a HIAD [25]. Trim Tabs are 

defined as deployable, aerodynamic control surfaces capable of trimming a vehicle to a non-zero 

angle of attack while reducing or eliminating the use of ballast mass and providing a capability to 

modulate the lift to drag ratio during entry. A single Trim Tab provides uni-directional pitch 

control, while two or more Trim Tabs can provide both pitch and yaw control through alteration 

of L/D magnitude and direction. Currently it has not been investigated how to implement and 

deploy Trim Tabs on an inflatable structure. With only four tab positions spaced uniformly 

across the aeroshell at most, these discrete positions do not provide the resolution in control that 

the continuous morphing surface offers. Additionally, the small protrusions off the perimeter of 

the aeroshell result in a high degree of localized heating on the trim tabs. This, in combination to 

its difficulty in attaching to a soft flexible surface, makes the Trim Tab concept infeasible for a 

morphing HIAD.  
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Figure 5: Trim Tab model geometry 

The Aeroassist Flight Experiment (AFE) configuration was one of the first studies to look 

at the aerodynamic performance of an asymmetric aeroshell shape [26]. The AFE configuration, 

as shown in Figure 6 below, consists of a 14 ft diameter raked and blunted elliptic cone. L/D was 

obtained with two model sizes with angles of attack ranging from -10 to 10 degrees. By taking 

advantage of the existing analysis and test data, the AFE tests will serve as a baseline for future 

asymmetric concepts. The AFE concept, however, is a rigid aeroshell, and it has not been 

investigated how this shape can be constructed using inflatable means. More recently, an 

asymmetric heatshield configuration named Asymmetric Capsule Vehicle (ACV) is introduced 

that removed the supersonic trim stability issue found to occur with the asymmetric AFE-derived 

shape [27]. A variety of optimization methods have also been applied to the aeroshell for the 

Mars Science Laboratory mission to investigate optimal shapes that will increase landed mass 

capability by maximizing drag-area for a specified lift to drag ratio [28]. 
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Figure 6: Aeroassist Flight Experiment (AFE) configuration 

1.5. Introduction to HIADs  

A HIAD consists of an inflatable structure mounted on the nose cone of an entry vehicle 

consisting of stacked, inflatable nitrogen-filled tori covered by a flexible thermal protection 

system (F-TPS). HIADs are stowed inside the vehicle shroud and are inflated prior to 

atmospheric entry, creating a large surface area that decelerates the vehicle as it travels through 

the atmosphere while the F-TPS protects the vehicle from heating. As shown in Figure 7 below, 

the stacked torus design consists of multiple stacked inflatable tori forming typically a 60° to 70° 

cone connected to the centerbody with multiple structural straps. Each torus consists of a braided 

fabric shell covering a gas barrier with reinforcing cords for carrying the circumferential loads 

and providing flexural rigidity. 

 

Figure 7: Axisymmetric stacked torus HIAD design  
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HIADs provide several advantages over traditional rigid aeroshells for atmospheric entry. 

HIADs are lightweight, deployable on-orbit, and have a high strength-to-mass ratio with minimal 

storage volume. By producing lower ballistic coefficients, HIADs benefit from a lower peak heat 

flux, total integrated heat load, and an increased payload mass. Additionally, the inflatable 

diameter is not constrained by the launch vehicle shroud, allowing for a large drag area that can 

provide deceleration at higher atmospheric altitudes. Studies of the Martian landscape show that 

many landing sites of interest exist in the southern highlands, at elevations 2 km above the Mars 

mean radius. Current rigid aeroshell systems do not allow for the landing at these sites because 

they cannot reach parachute deployment conditions at the appropriate elevation to be deemed a 

successful landing. HIADs, on the other hand, can decelerate early in the atmosphere, thus 

offering access to higher landing sites with more timeline margin. For example, HIADs can 

reach peak deployment velocity of Mach 2.0 over 20 km higher than a rigid aeroshell system 

[29]. 

1.5.1. Historic r eview of HIADs 

A span of research over the past fifty years has demonstrated the benefits and needs of 

developing new technology that can effectively decelerate vehicles operating at Mach numbers 

and dynamic pressures beyond what existing decelerators are capable of. In recent years, 

renewed interest has been shown in the deployable Inflatable Aerodynamic Decelerator (IAD) in 

particular. IADs are defined as inflatable devices designed to greatly increase drag on an entry 

vehicle [30]. First proposed by NASA Langley Research Center (LaRC) in the 1960ôs [31], it 

was not until the 1970ôs that IADs reached its peak technology readiness level (TRL) when such 

missions as Viking, Pioneer, and Galileo became the first to require deployable decelerators 

during re-entry. Studies later revealed that these missions were fully capable with Earth-based 

parachute technology [30], and development on IADs halted in the mid-1970ôs, leaving the 

technology in a state of immaturity. Figure 8 below illustrates numerous IAD configurations, 

typically named by their construction method, such as a stacked toroid, or for the structural 

theories used to derive the shape, such as isotensoid and tension cone [32]. 
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Figure 8: Example of feasible trailing and attached IAD configurations and a Disk-Gap-Band 

Parachute 

Recent atmospheric entry analyses calling for deceleration technology that goes beyond 

existing capabilities have sparked new IAD interest and development. Such technological 

development advancement has been shown through initiatives performed by organizations such 

as the Air Force [33], the Defense Advanced Research Projects Agency (DARPA) [34], 

Lockheed Martin [35], the European Space Agency (ESA) [36], and NASA [32]. The two most 

general types of IADs are identified as Supersonic IADs (SIAD) and Hypersonic IADs (HIAD) 

and are defined by the speed in which they are inflated. SIADs are inflated at supersonic speeds 

(M Ò 5) and HIADs are inflated at hypersonic speeds (M > 5) or exo-atmospherically [30]. 

HIADs have seen renewed interest in recent years due to their mission-enabling benefits of 

increasing precision landing at higher altitudes than previously thought possible by decelerating 

the vehicle higher in the atmosphere. HIADs can be used for aerocapture or entry to landing, and 

due to the extreme conditions in which they are deployed, require advanced thermal protection 

technology to be able to survive high heating. 

The most recent flight experiment performed on HIADs was the Inflatable Re-entry 

Vehicle Experiment 3 (IRVE-3) in 2012. IRVE-3 was a sub-orbital flight experiment launched 

on a three-stage sounding rocket from NASAôs Wallops Flight Facility (WFF). This experiment 
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demonstrated the survival of a 3 m diameter HIAD due to exposure to a mission-relevant heat 

flux, and the effectiveness of using a radial center of mass offset mechanism to produce a lift 

vector for the first active guidance control demonstration of a HIAD [1]. The CM offset 

mechanism uses a DC motor to shift the centerbody along a lateral axis by splitting the 

centerbody in halves and sliding the bodies relative to each other using 8 roller bearings, while a 

pair of string potentiometers measures the lateral translation [37]. This produces an offset CM 

causing the vehicle to trim at a non-zero angle of attack (AoA), causing the vehicle to produce a 

lift vector and orient to the desired AoA for atmospheric entry. 

The next proposed HIAD flight demonstration is called LOFTID (Low Earth Orbit Flight 

Test of an Inflatable Decelerator) scheduled for May 2020 and will feature a 6 m diameter HIAD 

that will fly as a secondary payload on a United Launch Alliance (ULA) Atlas mission. LOFTID 

will provide data from a Low Earth Orbit (LEO) return aeroheating environment that enables 

predictive model correlation and refinement [38]. Results from this demonstration will increase 

the Technology Readiness Level (TRL) of HIADs, and will prove its relevance to human scale 

Mars EDL missions in addition to its value for benefitting NASAôs human exploration efforts. 

1.5.2. Guidance methods 

There are many guidance and control methods used to generate lift on entry vehicles. The 

lifting entry control method generates a lift vector by placing the center of mass off the axis of 

symmetry to create a non-zero trim angle of attack. Although it provides benefits when 

compared to no-lift cases, it does not allow for adjustments for changing atmospheric conditions, 

and must incorporate a Reaction Control System (RCS) to gain cross range control during entry. 

An active system utilizing lifting entry to generate the lift vector and a RCS to direct the 

lift vector is known as lift modulation, and was used for MSL. The RCS applies small amounts 

of thrust on the entry vehicle to create torque about the axis of rotation which is used to control 

the attitude and the effective direction of the lift force. Lift modulation benefits from the ability 

to provide downrange and crossrange control authority. However, the RCS can interfere with the 

aerodynamics of the entry vehicle through interaction of the thruster plume and wake of the entry 

vehicle, which can decrease its control effectiveness. This leads to unwanted moments that may 

change the attitude and lead to excessive heating on the leeside of the entry vehicle [39]. 
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New studies demonstrating the use of Direct Force Control (DFC) methods, which permit 

uncoupled management of parameters such as crossrange and downrange error, show that 

significant improvement in landing performance can be achieved [4]. DFC permits direct control 

of angle of attack and sideslip. By modulating the angle of attack at intervals, the lift vector is 

adjusted such that the predicted downrange error at landing may be continuously minimized. 

Similarly, modulating angle of sideslip permits management of predicted crossrange error. This 

body of work demonstrates the first use of DFC methods for morphing HIADs.  

1.5.3. Previous work on morphing HIADs  

This dissertation will utilize shape control to modify the lift vector through morphing the 

physical shape of the aeroshell. Shape control will redistribute the aerodynamic forces acting on 

the surface, thus modifying the lift to drag ratio. Shape control also induces aerodynamic heating 

penalties that must be accounted for. Structural shape control is performed with a mechanism 

and control system working together to force the inflated aeroshell into a desired shape based on 

a desired trajectory. By allowing the morphing structure to provide entry control, this greatly 

reduces the fuel consumption of the entry vehicle.  

This dissertation expands on the preliminary investigations on the aerodynamic 

effectiveness of morphing HIADs. In the study by Green [40], a physically realizable morphed 

shape was identified to obtain a desired entry maneuver without increasing the heat flux past 30 

W/cm2. A model for aeroshell shape generation, a 3 degree-of-freedom (DOF) trajectory 

simulation, and a stagnation point heating model were used to evaluate the aerodynamic 

performance of morphed, symmetric aeroshell shapes and their effect on trajectory. This work 

identified that there is future work needed to investigate the mechanisms required to achieve 

morphed shapes. The next step of morphing HIAD research is to design an actuator and control 

system capable of physically morphing the inflated aeroshell while being lightweight, quick to 

respond, and minimally impactful on the other atmospheric entry systems.  

The Asymmetrically Stacked Tori HIAD Design Study for Mars Entry investigates three 

asymmetric HIAD concepts and their effect on modifying L/D and the hypersonic ballistic 

coefficient [41]. This study found that implementing a shift of the nosecone with respect to the 

axis of symmetry generated an increased L/D while also lowering the ballistic coefficient, 
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allowing the HIAD to achieve a lower peak heat rate by decelerating at a higher altitude in the 

atmosphere, thus enabling a longer timeline, longer range, and additional maneuvering [41]. This 

study was not concerned with structural viability or how to construct using inflatables. 

A candidate forward-attached inflatable decelerator was investigated, named the 

Aerocapture Inflatable Decelerator (AID) that consists of 12 inflatable beams, or spars, in a 

radial arrangement supported by an inflatable torus located at approximately two-thirds of the 

beam [42]. While this dissertation did not investigate morphing feasibility, it did suggest how 

this design readily lends itself to morphing concepts. Lift modulation would start with a 

deployed non-lifting configuration, and when Guidance Navigation and Control (GN&C) 

determines that lift is needed for trajectory control, the shape would be morphed into a lifting 

configuration.  

One morphing concept for the AID configuration is to deflate one or more of the radial 

beams to create enough asymmetry to trim the spacecraft at some incidence and generate lift. 

This concept is simple and robust to implement, with the largest impact being designing for the 

change in temperature distribution in the morphed state. An additional concept for morphing the 

AID configuration is actively bending selected radial beams using inflatable elements such as 

pneumatic actuators. There is concern that this structure cannot handle the high inflation pressure 

required to carry the load sustained during a mission to Mars. In addition, the deformations 

introduce ñridgesò in the surface and high localized heating at the spars. 

1.6. Morphing HIAD requirements  

1.6.1. Morphing HIAD mission requirements 

While morphing systems can be designed to fulfill the requirements of any system, this 

dissertation seeks to establish its baseline around a crewed mission to Mars, which will require a 

larger HIAD diameter than previously tested of 16.7 m with increased loads on the vehicle. A 

proof of concept demonstration of its implementation and a systems benefits analysis of a 

morphing system applied to such a mission will further establish HIADs as a leading contender 

for a human-scale mission to Mars. This leads to the question of what lift to drag ratio (L/D) the 

morphing HIAD system must be capable of achieving to support such a mission. Designing a 
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morphing HIAD to achieve this response will result in the most efficient and cost-effective 

design. 

To achieve the desired lift and control for human landing constraints, low (< 0.3) L/D 

vehicles are being considered in addition to heritage mid (~0.5) L/D vehicles. This is because 

HIADs are able to generate an appreciable amount of drag in comparison to heritage vehicles by 

increasing the drag area, and thus can rely on decelerating through the atmosphere through drag 

instead of increasing its lift to loft the vehicle for longer periods in the atmosphere to reduce its 

speed. A recent Mars EDLAS guidance analysis for a capture mission compares both low and 

high ballistic numbers for low L/D vehicles [4]. In this study, 0.15 L/D and 0.22 L/D HIAD 

vehicles with a diameter of 16.7 m weighing 51 metric tons are compared to a 0.43 L/D capsule 

weighing 72 metric tons. The vehicles have ballistic numbers of 150, 154, and 550 kg/m2, 

respectively. The vehicle is in a low velocity 1-sol orbit, and the velocity required to come out of 

orbit into a capture orbit is 15 m/s. The goal of this simulation is to get the right periapsis and 

burn to get rid of crossrange early in the mission and drive down any residual crossrange that 

accrues. For downrange control, the simulation is targeting a set lift and controlling around that 

point. The simulation determines how much fuel is required to land and if each vehicle can land 

in a 50 m target ellipse. Results found that all cases had in fact successfully landed within their 

50 m target. The L/D of 0.15 in particular had shown especially tight targeting results within a 50 

m target radius. Therefore, this study indicates that a low L/D magnitude of 0.15 is sufficient to 

satisfy Mars mission requirements. 

Low L/D DFC provides more options with many potential systems benefits because less 

surface deformation is required. For instance, a relatively benign manipulation of the F-TPS will 

lead to additional heat savings. Additionally, the system can utilize strap configurations and 

actuators to retract the outer torus towards the centerbody interface, resulting in the ability to 

maintain HIAD modularity and reduce complexity. The size and power requirements of the 

morphing system are also decreased, leading to mass savings. 

Because this study is using Direct Force Control (DFC) control methods, the Ŭ channel, 

or downrange channel, has independent control from the ɓ channel, or crossrange channel. For 

this mission, a range of lift is required for the Ŭ channel, and a symmetric side force is required 

in the ɓ channel. Each channel, therefore, has a different magnitude and frequency required for 
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modulating the lift to drag ratio. More importance is granted to the Ŭ channel because controlling 

downrange lift requires a faster response time and magnitude. The morphing system therefore 

must be able to respond to downrange and crossrange commands, and must be able to morph 

sectors along the entire perimeter of the aeroshell to do so. Crossrange requires only about half 

of what is required for downrange, and are thus not the driving requirements. 

The mission requirements are derived from an Entry, Descent, and Landing Systems 

Analysis (EDLSA) study of a 20 metric ton vehicle landing within a 50 m radius on the surface 

of Mars [4]. When tailoring a morphing system to this mission, the designer needs to know what 

deformation is required to get the trim angle of attack necessary to produce the required 

downrange L/D. In order to obtain the most efficient minimal shape change and in order to 

reduce the motor power and weight requirements, the system should be designed according to 

the minimum L/D combination required to achieve the goal of the mission.  

Monte Carlo simulations have shown that for a morphing HIAD concept employing 

Direct Force Control methods, the vehicle must fly nominally at a 0° angle of attack (AoA) and 

be morphed with the deflection required to trim the vehicle to angles of attack within a range of 

±9.5° to avoid impingement heating [4]. Simulations have shown that there is a need to achieve a 

maximum lift to drag (L/D) ratio of +0.15 at a -9.5° AoA. Furthermore, there was found to be a 

slight bias in the positive L/D direction, where the minimum L/D was only -0.07. Due to this bias 

towards the positive direction, the total amount of morphing can be designed to achieve a 

magnitude of ±0.11 L/D with a bias in the planar center of mass (CM) location of +0.05 to 

achieve a L/D range of approximately -0.06ð0.16 L/D to satisfy mission requirements. By 

designing around ±0.11 L/D, therefore, the system can be more weight efficient, require less 

power to drive the motors, and deflect the HIAD less, resulting in a more structurally sound entry 

vehicle with faster response rates. Additionally, aerodynamic analyses in this study have shown 

that the lifting system must respond from a neutral L/D to the maximum L/D in under 10 seconds 

to have sufficient control authority.  

The deformation and loads required to obtain the trim angle of attack necessary to 

achieve the required ±0.11 L/D are investigated in this dissertation. The approach is to first 

perform structural deflection tests to determine what reasonable deformations are achievable 

with a reasonably applied load. The deflected shapes are analyzed using the Modified Newtonian 
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Impact Theory with solutions performed for intermediate stages of deformation to determine 

what L/D can be achieved with that shape and at what rate. This analysis is an iterative process 

that lets two approaches guide each other to determine what magnitude and frequency is needed 

to achieve the desired L/D. The aerodynamics and flight dynamics approach seeks to refine 

assumptions and modeling to inform the minimum L/D and rates deemed successful for landing, 

while the structural analysis approach seeks to design the structure to deform as minimally as 

possible to reduce loading and localized heating while informing what shapes are possible. 

1.6.2. Morphing HIAD structural  requirements 

When conceptualizing and designing morphing HIAD concepts, systems level 

requirements must be defined in which the proposed concepts must adhere to. This allows for a 

robust analysis to take place where concepts of equal value are compared in order to select the 

most readily integrated and efficient concept. In general, morphing concepts should be able to 

generate a modulated L/D of up to +0.15 during hypersonic entry, be simple and lightweight as 

possible, be structurally sound, extend to aeroshell diameters up to 20 m, possess a smooth outer 

mold line to avoid localized heating, and be aerodynamically stable over its flight regime.  

It is very important to consider how morphing the inflatable structure influences heating 

of the aeroshell during entry. As the vehicle travels through the atmosphere, the amount of 

heating is directly proportional to the density of the atmosphere and the hypersonic speeds in 

which it is traveling. The thermal energy transferred from the kinetic energy of the freestream air 

molecules is then transferred to the flexible thermal protection system (F-TPS) through both 

convective and radiative heat transfer. The F-TPS technologies incorporated into the IRVE-3 

mission were designed to experience peak heat flux rates as high as 30 W/cm2, and the current 

state-of-the-art F-TPS technologies can withstand cold wall heat flux rates as high as 50 W/cm2 

[2]. The peak heat flux exerted on a HIAD is further mitigated by its ability to decelerate at 

higher altitudes. When designing technology that modifies the shape of the HIAD aeroshell, it is 

important to consider its effects on heating which may influence the design of the F-TPS. For 

example, wrinkling of the F-TPS structure due to morphing would cause large increases in 

heating. These effects have not yet been considered or analyzed for Direct Force Control 

methods on HIADs and are an important contribution of this dissertation. 
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Requirements are defined in detail in Table 1 below to enable the selection of the ideal 

candidate for a non-symmetric morphing HIAD system in the sections to follow. 

Table 1: Morphing HIAD structural requirements 

 

1.7. Contributions of this research 

The novel academic contribution of this dissertation is the implementation of Direct 

Force Control to Entry, Descent, and Landing systems. A novel DFC strategy is introduced in 

this dissertation for the first time to enable independent downrange and crossrange control of a 

morphing HIAD. This concept is uniquely different from heritage approaches by directing the lift 

vector to any direction, and is the only feasible concept to date that has the potential to save 

metric tons of fuel and enable the accurate control of HIADs in Entry, Descent, and Landing 

scenarios. This work presents the first physically realizable form of DFC applied to a HIAD 

along with a control methodology on how to achieve downrange and crossrange control through 

independent actuation of cables, as opposed to previous studies using Trim Tabs which have 

currently not been proven physically realizable on HIADs, nor have their control methodologies 

been demonstrated [25]. Additionally, a morphing HIAD actuation system with realistic vehicle 

Performance criteria Requirement description 

Aerodynamic performance L/D of at least +0.15 for downrange flight control is sufficient for downrange targeting 

of 50 m and reduces RCS propellant consumption. 

Structural performance HIAD system must withstand maximum aerodynamic loads of up to 840 kN with 

sufficient margins with activation of morphing features. 

Control authority performance Actuation times of morphing features must be no more than 10 seconds for flight 

control at hypersonic flow conditions. 

Aeroheating/TPS performance HIAD system must withstand peak heat rates and integrated heat loads with sufficient 

margins that may be caused by morphing features. 

Vehicle integration  HIAD with morphing features shall be completely integrated with the space vehicle. 

Manufacturability Morphing system that relies on existing, flight proven infrastructure of the current 

system will be seen as a more ideal candidate. 

Packing and deployment Morphing HIAD system must be suitable for high density packing within a specified 

volume deployed exo-atmospherically from a packed condition without damage. 
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dynamics is integrated into a closed-loop feedback simulation for the first time for a Mars entry 

trajectory to assess the capability of a morphing system to accurately control the guidance and 

terminal area initiation phase to safely land a vehicle of Mars.  

This dissertation presents the only structural feasibility study of a morphing HIAD or 

entry vehicle. To date, the physical implementation of morphing inflatable decelerators has not 

been investigated thoroughly. The structural integrity of the HIAD due to morphing is essential 

to assess its performance when generating lift in the entry vehicle. Additionally, this work is the 

first to assign morphing capabilities and perform morphing analyses on a beam-based finite 

element model. This work is also the first to demonstrate morphing on a HIAD test article and to 

build a fully actuated sub-scale proof of concept morphing HIAD article.  

The morphed shapes generated by the finite element simulations in this dissertation have 

been developed to be exported quickly to assess their aerodynamic characteristics to determine 

what shape is required to generate the required L/D at the vehicleôs trim angle of attack. This will 

enable future systems and tradeoff studies to quickly evaluate morphing aeroshell performance in 

order to enable its implementation in early stages of the design process. Additionally, a morphing 

HIAD actuation system with realistic vehicle dynamics is integrated into a closed-loop feedback 

simulation for the first time for a Mars entry trajectory to assess the ability of a morphing HIAD 

to safely land a vehicle on Mars.  

This dissertation also performs a systems-level analysis of morphing vehicles, from 

concept to flight. A thorough investigation is presented, where morphed shapes are assessed 

based on their structural and aerodynamic performance according to analytical models correlated 

to test data. This analysis will lead the way for future investigations of morphing entry vehicles. 

Multiple novel concepts for morphing configurations and control methods are presented 

in this dissertation, along with the advantages and disadvantages of each. Future work in this 

field will allow researchers and designers to make more informed choices on which morphing 

system they will use based on their systems requirements. 

Finally, this dissertation applies morphing concepts to fundamental research applications. 

The concepts used in this dissertation can be applied to any vehicle that needs to change its shape 

in order to modulate its properties in real time. 
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1.8. Dissertation overview 

This dissertation is outlined as follows. The motivation, goals, and objectives behind the 

work are provided in Chapter 1 along with an introduction to morphing and HIADs. It also 

provides a literature review, an overviews the morphing HIAD design requirements, and lists the 

contributions of this research.   

The design space of morphing applied to a HIAD is investigated in Chapter 2 by first 

investigating the mechanics of inflatable structures for fundamental morphing applications. 

Beam-based finite element models of inflatable structures are compared to analytical calculations 

to validate the models to be used in morphing applications. Following this study, an actuator and 

sensor design study is performed to investigate optimal actuators to morph the structure of the 

HIAD and the sensors necessary to monitor its displacement and measure aerodynamic 

coefficients in real time. Based on the performance requirements outlined in the previous section, 

a conceptual design study is performed to investigate several morphing HIAD design concepts 

and two promising concepts are selected using a series of design trade studies to be analyzed in 

detail in the following chapter. 

The morphing HIAD design concepts established in the previous chapter are explored in 

Chapter 3 in order to assess their ability to obtain the desired performance requirements based on 

a crewed mission to Mars. First, a tool is introduced that can quickly generate or import any 

morphed blunt body shape and assess its aerodynamic characteristics to determine what shape is 

required to generate the required lift to drag (L/D) ratio at the vehicleôs trim angle of attack. 

Next, testing is performed on an inflatable structure to assess the validity of the morphing 

concepts, and a finite element model of the morphing HIAD is built following the test conditions 

in order to correlate the data and validate the model for additional studies. The finite element 

model is then adapted to a large-scale morphing HIAD to assess its structural integrity in a Mars-

entry environment. Finally, a trajectory model is introduced to assess the downrange lift 

capabilities produced by morphing as a means of increasing precision landing capabilities of an 

entry vehicle. 

The methodology to control and monitor the motors of a morphing HIAD to accurately 

control the shape of the aeroshell is presented in Chapter 4. A novel Direct Force Control 
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strategy is presented which enables downrange and crossrange control using a morphing HIAD. 

Next, a motor sizing study is performed to estimate the total energy usage required for the two 

selected morphing concepts. The simulations include an accurate motor model along with 

accurate vehicle dynamics to account for inertia due to morphing. The motor, morphing, and 

vehicle dynamics are then implemented into a closed-loop feedback simulation for a Mars entry 

trajectory to assess the ability of a morphing HIAD to safely land a vehicle on Mars. Finally, a 

sub-scale test article is created to demonstrate the effectiveness of using a control actuation 

system to precisely morph the shape of an inflatable structure.  

Major conclusions and contributions of this dissertation are summarized in Chapter 5 

along with a discussion of future research opportunities of morphing HIADs.  
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2. CONCEPTUAL D ESIGN STUDY 

The design space of shape morphing technology applied to a HIAD is explored in this 

chapter by first investigating the mechanics of inflatable structures for fundamental morphing 

applications. Beam finite element models of inflatable structures are compared to analytical 

solutions to validate the models for use in morphing applications. Following this study, an 

actuator and sensor design study is performed to investigate optimal actuators to morph the 

structure of the HIAD and sensors necessary to monitor its displacement and measure 

aerodynamic coefficients in real time. Based on the performance requirements outlined in the 

previous section, a conceptual design study is performed to investigate several morphing HIAD 

design concepts and two promising concepts are selected using a series of trade studies to be 

analyzed in detail in the following chapter. 

2.1. Inflatable beam mechanics for fundamental morphing applications 

The mechanics of beam-based inflatable structures on the component level are 

investigated in this section and the development of the analysis methodology utilized in this 

dissertation is outlined. A goal of this dissertation is to add capabilities to inflatable beam 

structural models in order to assess and demonstrate the structural feasibility and integrity of 

using an inflatable structure for shape morphing applications. The work in developing beam-

based models of inflatable beams is summarized, and analytical tests are performed and 

compared to experimental results to validate the models. Capabilities are then added to these 

models to investigate their use in morphing applications, which is noted as the specific 

contribution of this dissertation. These models are investigated in later sections of this 

dissertation through their application to a full-scale HIAD to further develop morphing 

capabilities. 

The structural response of HIADs has been extensively studied, including modal tests of 

a 6 m HIAD [43] and large-scale wind tunnel experiments [44]. Current state-of-the-art finite 

element (FE) modeling of a HIAD system uses shell-based elements to model the inflatable 

structure and follower forces to model the internal inflation pressure [45]. While accurately 

capturing the structural response due to an aerodynamic load, they are computationally 

expensive to run. The beam-based modeling of inflatable beams investigated in this section offer 
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much shorter computational times and can be readily applied to any inflatable structure, such as 

the stacked-tori HIAD configuration. 

Previous work on braided beams can be found in the literature. Brown et al. [13] derived 

equations for the wrinkling moment and the bending stiffness for braided beams, and Veldman et 

al. [46] presented experimental and theoretical analyses for braided beams with axial fibers 

placed parallel to their length. Davids and Zhang [47] developed a Timoshenko beam element 

for the nonlinear analysis of pressurized fabric beam-columns. Brayley et al. [48] extended this 

work to model the bending response of inflatable, braided beams with external reinforcing straps. 

The post wrinkling response was modeled using parameters obtained empirically from beam 

bending tests. However, by coupling the axial and bending forces using pre-defined moment 

curvature relationships, the effects from all stress deformations are not captured. 

Modeling the structural response of inflated members with axial reinforcing cords poses 

many challenges. Clapp et al. [49] found that the nonlinear response of the cord must be taken 

into account along with cord loading direction to accurately model the axial and bending 

response of the inflatable member. This study found that although the braided shell largely does 

not contribute to the pre-wrinkled axial and flexural stiffness, the braided geometry and elastic 

properties are required to obtain the correct cord prestress and prestrain properties and to obtain 

the correct gross axial stiffness of the shell, including the effects of the braid angle change that 

occurs during axial extension. 

This section presents an overview of the development of a computationally efficient 

beam-based FE model that captures three-dimensional, large displacements and the nonlinear 

behavior of inflated members with axial reinforcing cords initially explored by Young et al. [50]. 

This methodology allows the beam response to be captured past the point of wrinkling without 

the use of empirically derived parameters, and the use of a three-dimensional corotational 

framework with a stiffness-based fiber-beam element allows the full stress state to be analyzed, 

including the axial, bending, and torsional response. This dissertation extends the capabilities of 

these models to be suitable for morphing applications by adding unique morphing elements and 

accounting for the pressure changes in the element due to compression and increased surface 

contact area due to morphing. Beam elements are then arranged in a HIAD configuration and 
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morphing systems are implemented to monitor the loads as a function of morphed deflection in 

the next chapter, as shown in Sections 3.2.4 and 3.3.5. 

2.1.1. Fundamental mechanics and material development of a braided, inflatable 

beam 

This section presents an overview of the mechanics of the braided fabric covering the 

inflatable beam using netting theory [51]. Methods are outlined to obtain material properties for 

the development of braid and cord models that are used as inputs to the beam finite element 

model. 

2.1.1.1. Mechanics of a braided shell 

The inflatable members that make up the beams and tori of a HIAD and other inflatable 

structures consist of an impermeable polyurethane layer to contain the inflation gas covered by a 

shell composed of braided Technora fabric, as shown in Figure 9 below [51]. Axial reinforcing 

cords, discussed later in this section, are also bonded to the shell to restrain the braid from 

deforming significantly. 

 

Figure 9:  Braided shell detail 

The inflatable shell is described as a thin-walled cylindrical pressure vessel that when 

inflated, is put into the stress state where the hoop stress, ůH, is twice the longitudinal stress, ůL, 

according to the cylindrical stress equations described by Equations 1 and 2 [51]. 
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The radius is r, the internal inflation pressure is p, and the shell thickness is t. For the 

following analyses, membrane quantities are utilized by pre-multiplying all quantities by the 

shell thickness. Equations 3 and 4 below show the hoop stress, ůHmembrane, and longitudinal stress, 

ůLmembrane, expressed in membrane quantities by pre-multiplying by the shell thickness. 
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The braided shell is only capable of carrying longitudinal stress, and without any axial 

restraint, there exists only one equilibrium braid angle that can satisfy the stress state of the 

pressure vessel. The addition of an axial restraint, such as a reinforcing cord, allows for the 

design of different braid angles by distributing the pressure resultant as a percentage shared 

between the cord and the braid. Netting theory is used in the following section to estimate the 

critical braid angle and the percentage of axial restraint that must be taken by the cords. 

Figure 10 below shows the braid unit cell used for the present analysis, with a coordinate 

system designating the longitudinal axis, L, and hoop axis, H, with individual fibers oriented at a 

braid angle, ɓ, at a fiber distance, l, apart [51]. Each fiber can only take tensile forces and can 

rotate freely about their joints. 

 

Figure 10: Braid unit cell 
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The unit cell width, wL, and height, lH, are extracted from the model and used to estimate 

the longitudinal and hoop forces, FL and FH, respectively, as shown in Equations 5 through 8 

[50]. 

 ύ ςὰÓÉÎ‍ (5) 

 ὰ ςὰÃÏÓ‍ (6) 

 Ὂ „ ύ
ὴὶ

ς
ςὰÓÉÎ‍ ὴὶὰÓÉÎ‍ 

(7) 

 Ὂ „ ὰ ὴὶςὰÃÏÓ‍ ςὴὶὰÃÏÓ‍ (8) 

 For the braid unit cell shown in Figure 12, only one braid angle can satisfy equilibrium 

conditions. The principle of virtual work is applied below, and certain coordinates of the points 

at which the longitudinal and hoop forces are applied are shown in Equations 9 and 10 below as 

a function of braid angle. 

 ώ ςὰÃÏÓ‍ (9) 

 ὼ ὰÓÉÎ‍ (10) 

The variation in coordinate location with a virtual change in braid angle is shown in 

Equations 11 and 12 below. 

ώ‏  ςὰÓÉÎ(11) ‍‏‍ 

ὼ‏  ὰÃÏÓ(12) ‍‏‍ 

The principle of virtual work [52] states that for any virtual displacement, the sum of all 

forces acting on a body is zero, as shown in Equations 13 and 14 below. 

Ὗ‏  π Ὂ‏ώ ςὊ‏ὼ

ὴὶὰÓÉÎ‍ ςὰÓÉÎ‏‍‍ ςςὴὶὰÃÏÓ‍ ὰÃÏÓ‏‍‍ 

(13) 

 ‍ ÔÁÎЍς υτȢχЈ (14) 

Solving for ɓ yields the equilibrium braid angle of approximately 54.7° obtained from 

netting theory. This is the angle that the braid will return to without an axial restraint when 

pressurized. When including axial reinforcing cords, braid angles greater than the equilibrium 

braid angle can be used because once pressurized, the cords are tensioned thus preventing the 

braid angle from changing and giving the inflated structure some axial and bending rigidity. The 

pretension from the cords is calculated in the following section. 
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In the braid unit cell shown in Figure 11 below with the same longitudinal and hoop 

forces, an axial reinforcing cord is included to restrain the braid from deforming significantly 

[51]. 

 

Figure 11: Braid unit cell with axial reinforcing cord 

The internal tensile force in the fiber, ff, is calculated by taking a cut that includes the 

hoop forces as shown in Figure 12 below. 

 

Figure 12: Free body diagram with hoop force and internal fiber tensile force 
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The static equilibrium equation in the hoop direction as shown in Equation 15 yields ff as 

shown in Equation 16 below. 

 Ὂ ςὴὶὰÃÏÓ‍ ςὪÓÉÎ‍ π (15) 
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(16) 

A second cut is made including the longitudinal force to solve for the cord force, T0, as 

shown in Figure 13 below. 

 

Figure 13: Free body diagram with longitudinal force, internal fiber tensile force and cord force 

The static equilibrium equation in the longitudinal direction as shown in Equation 17 

yields T0 as shown in Equation 18 below. 
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The unit cell width can be calculated as a function of the circumference of the pressurized 

cylinder and the number of reinforcing cords, m, to solve for l in Equations 19 and 20 below. 
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Substituting l into Equation 18 as shown in Equation 21 below yields the netting theory 

expression for the force in an axial reinforcing cord as a function of pressure and braid angle 

[53]. 

 
Ὕ

ὴ“ὶ

ά
ρ ςὧέὸ‍ 

(21) 

Netting theory is now applied to Hookeôs Law for an orthotropic membrane in a state of 

biaxial, plane stress to obtain shell properties for use in FE modeling. First, a pressurized 

cylinder made of a thin, orthotropic membrane is shown in Figure 14 below [51]. Axial forces, 

FHooke, are applied longitudinally to keep the shell in a state of equilibrium at the desired braid 

angle. 

 

Figure 14: Pressure vessel with restraining forces 

Hookeôs Law relates the strain in the material to the stress in the material, as shown for 

an orthotropic material in Equation 22 below. 

 ‐
„

Ὁ
’
„

Ὁ
 (22) 

The moduli of elasticity in the longitudinal and hoop directions are EL and EH, 

respectively. The Poissonôs ratio is ɜHL and the longitudinal and hoop stresses in the restrained, 

pressurized cylinder are ůLL and ůH, respectively. The equations of equilibrium are then applied 

to the restrained pressure vessel by taking a cut as shown in Figure 15 below. 
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Figure 15: Pressure vessel equilibrium cut 

Summing the forces in the longitudinal direction in Equation 23 and solving for ůLL in 

Equation 24 yields 

 Ὂ ὴ“ὶ ς“ὶ„ Ὂ π (23) 
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(24) 

The restraining forces keep the pressure vessel from expanding or contracting in the 

longitudinal direction, defined by the compatibility equation as shown in Equation 25. 

 ‐ π (25) 

Combining Equations 22, 24, and 25 yields Equation 26 below. 
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Noting the relationship in the Poissonôs ratio for an orthotropic material as shown in 

Equation 27 and applying this substitution to Equation 26, the restraining force FHooke can be 

calculated as shown in Equation 28. 
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The form of this equation is the same as the equation for the force in the axial reinforcing 

cord, for m = 1, or one restraining cord. Equating the two restraining forces by relating netting 

theory to Hookeôs Law yields Equation 29 below. 

 ’ ὧέὸ‍ (29) 

This expression will be used in the following section to determine the braided shell 

orthotropic properties that satisfy netting theory. 

2.1.1.2. Material properties of an inflatable beam 

An inflatable member, consisting of a braided shell, an impermeable gas barrier, and 

axial reinforcing cord is shown in Figure 16 below. Extensive material experimentation was 

performed as a part of the University of Maine NASA EPSCoR program as described by Clapp 

et al. [49] and is used in the present analysis to extract pertinent data for use in FE analysis. 

 

Figure 16: Straight, inflatable, braided tube with integral reinforcing cord 

This section presents an overview of methods used to obtain shell material properties for 

use in a beam-based FE modeling approach. In order to isolate the longitudinal stiffness of the 

shell, the biaxial plane-stress state of the braided membrane is calculated in Equation 30. 

 
Ὁ

ρ

‐
„ ’ „  

(30) 

The longitudinal strain, ŮL, the longitudinal and hoop stress, ůLL and ůH, respectively, and 

the in-plane Poissionôs ratio, ɜLH, are obtained from tests performed by Clapp et al. using 

photogrammetry techniques and reaction measurements of the pressurized cylinder on the load 

frame [49]. It is noted that Equation 25 is not applied to Equation 30 since the properties are 

being measured directly. In beam-based FE analysis, the shell must be put into the correct 
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prestressed state in order to account for the work done by pressure follower forces. During 

inflation, the slight change in braid angle causes a stiffening effect that must be accounted for in 

the model. Therefore, the stiffening effect due to change in braid geometry must be added to the 

extensional response to obtain the gross extensional stiffness of the inflated member using 

netting theory. To calculate the gross stiffness, the compressive reaction force on the shell is 

calculated in two states using netting theory. The first state is calculated in the initial, pressurized 

configuration as shown in Equation 31 below. 

 Ὂ ὴ“ὶ ρ ςὧέὸ‍ (31) 

The second state enforces a small longitudinal strain, ȹŮL, as shown in Equation 32 

below. 

 Ὂ Ў‐ ὴ“ὶ ρ ςὧέὸ‍ ς“ὶὉЎ‐ (32) 

The new radius and braid angle, r1 and ɓ1, respectively, can then be calculated from the 

geometry of the braided shell as shown in Figure 17 below, assuming the fiber length, l f, stays 

constant 

 

Figure 17: Geometry of a braided fiber before and after a small longitudinal strain 

The gross stiffness can then be calculated from the initial and perturbed reaction force as 

shown in Equation 33 below and is used for all beam-based FE analyses in this dissertation. 
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(33) 

Table 2 below summarizes the gross extensional stiffness calculated for two straight-tube 

specimens at multiple inflation pressures [51]. Also summarized is the braid angle, ɓ, radius, r, 

longitudinal stiffness, EL, and in-plane shear modulus, GLH. It is noted that the measurements 

were reported in English units and thus are used consistently throughout this analysis. 

 

Longitudinal

Hoop
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Table 2: Beam-based FE modeling properties for straight tube inflatable beams 

 

Unable to carry a compressive load, tension tests have found the cord force-strain 

relationship to be nonlinear at low tensile strains and linear at high tensile strains. The cords also 

follow a different unloading and loading path under hysteretic behavior. The cord load paths are 

predicted using a one-dimensional cord force-strain lookup table for interpolation within the FE 

routine. The force-strain relationship allows the cords above the neutral axis of bending to follow 

the cord unloading path, while the cords below the neutral axis to follow the cord loading path. 

The initial tensile force, T0, in each cord is calculated in Equation 34 using netting theory, where 

m is the number of cords. 

 
Ὕ
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ά
 

(34) 

Once the initial tensile force is obtained, the cord force-strain lookup table is generated 

from tension test data of the cord [49]. If the load is above the initial cord force, the cord loading 

path is used, whereas if the load is below the initial cord force, the cord unloading path is 

interpolated using unloading tension test data. Additionally, the initial strain is interpolated from 

the cord-force strain relationship.   

2.1.2. Analysis and validation of beam-based finite element model 

This section presents the results of straight tube tests conducted by Clapp et al. [49] in 

order to validate the beam-based FE modeling outlined in this chapter. The development of a 

beam-based FE analysis methodology for use with braided, inflatable members with axial 

reinforcing cords based on Young et al. [50] and is summarized in Appendix A. In this section, 

the beam-based FE modeling technique is applied to a straight tube four-point bending test with 

Specimen 
Pressure (p) 

[kPa] 

Braid angle 

(ɓ) [deg] 

Radius (r) 

[mm]  

Longitudinal 

stiffness (EL) 

[N/mm]  

Gross extensional 

stiffness (Egross) 

[N/mm]  

In-plane shear 

modulus (GLH ) 

[N/mm]  

Nominal 60° 

straight tube 

34 59.8  170.4 14 20 549 

69 59.7 170.4 15 27 773 

103 59.8 170.7 15 33 931 

138 59.8 170.8 17 41 1090 

Nominal 71° 

straight tube 

34 70.6 169.0 14 16 224 

69 70.6 169.0 14 18 320 

103 70.6 169.3 13 20 420 

138 70.6 169.5 14 23 468 
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varying braid angles and inflation pressures to compare to experimental results and validate the 

model. Later sections will model the full-scale HIAD structure, including validation with 

experimental data and incorporation into morphing applications. 

2.1.2.1. Four-point bend test overview 

An experiment to acquire the four-point load deformation of straight, inflatable, braided 

tubes with axial reinforcing cords is conducted by Clapp et al. [49] . The beams had three axial 

reinforcing cords evenly spaced around the cross-section, and the braid angle, inflation pressure, 

and orientation are varied. Figure 18 below shows the configuration used for the straight tube 

four-point bend tests. The ends of the beam are supported by rollers, and two loading straps are 

centered in the clear span an equal distance from the center. Load is transferred from the actuator 

to the strap sets using a spreader beam, and the displacement of the beam at mid-span is 

measured using string potentiometers in combination with a photogrammetry system. 

 

Figure 18: Straight tube four-point bend test configuration 
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2.1.2.2. Beam-based finite element model validation 

In this section, the beam-based FE modeling tools are applied to the analysis of a straight-

tube four-point bend test using inputs obtained directly from the test specimens. The beam model 

configuration for the straight tube test is shown in Figure 19 below. A rigid vertical link is used 

to simulate a roller boundary condition offset from the centerline of the beam. The roller is only 

allowed to translate horizontally. Half-symmetry of the test is employed, where a second roller 

boundary condition divides the beam at the center plane of symmetry, only allowing the beam to 

translate vertically. Ten elements utilizing three integration points are used in the following 

analyses. Global load controlled Newtonian iterations are utilized with adaptive load stepping 

[54]. A converged load-displacement curve is found acceptable with the current mesh. 

 

Figure 19: Beam model of straight tube test 

Test results are presented for two sets of studies, one with a nominal 60° braid angle and 

the other with a 71° braid angle, at four inflation pressures of 34 kPa, 69 kPa, 103 kPa, and 138 

kPa. In each test, the three cords are placed relative to the beam in identical configurations where 

the angle they make with the horizontal axis is 30°, 150°, and 270°, respectively. The rest results 

are compared to beam-based FE results as shown in Figure 20 below. The results show that the 

wrinkling load that occurs when the top cord loses pre-tension during bending results in a loss in 

beam stiffness and is accurately captured by the model. The dependence on inflation pressure is 

also shown, where across both tests the increase in pressure results in an increase in load. 

Additionally, increasing the braid angle, ɓ, increases the load-carrying capacity of the inflatable 

beam because the fibers are oriented closer to the hoop axis, thus increasing their stiffness due to 

bending. 

 

Inflatable member Plane of symmetry

Force
Rigid 
link 520 

mm

1,640 
mm

350 mm
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Figure 20: Inflatable beam load vs. displacement experimental vs. beam FE results for (a) ɓ = 

60° and (b) ɓ = 71° 

 

  

 

a)

b)
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2.2. Actuator and sensor design study and design concept selection 

In this section, an investigation is performed to choose optimal actuators and sensors 

necessary to morph the HIAD as well as to monitor its displacement and aerodynamic 

characteristics in real time. The morphing HIAD design concept process is reviewed and two 

leading concepts are selected that will be investigated in detail in the following section. 

2.2.1. Actuator and sensor design study 

2.2.1.1. Actuator design study 

Actuators with strong force generation are needed to alter the overall shape of the 

inflatable structure and overcome internal inflation pressures while retaining structural integrity. 

The choice of actuator is driven by the following requirements: deliver a large magnitude of 

force to overcome internal inflation pressure, displace the outer diameter of the HIAD to achieve 

the desired shape, respond fast enough to morph the shape within the required time frame, 

consume low power, use an available power source, have a low relative weight, and be folded 

and packed efficiently. Additionally, the actuation device must be applicable to inflatables and 

other flexible structures. 

Multiple types of actuators and force application methods are considered before settling 

on a final design that satisfies all of the actuator requirements. One actuation option is the use of 

Pneumatic Muscle Actuators (PMAs) designed to decrease in length and increase in diameter 

when inflated [55]. Retraction strokes of 25% to 35% of the deflated length are achievable. 

Some additional types of actuators are also investigated. A Macro-fiber composite (MFC) 

actuator is a thin film that consists of a layer of unidirectional piezoceramic fibers sandwiched 

between layers of copper electrodes and acrylic. MFCs are lightweight, capable of achieving 

high bandwidth and power output. They require a sufficient amount of compliance in the 

structure to be effective, which can lead to problems with aerodynamic loading and 

deformations. Other materials investigated include shape memory alloys (SMAs), piezoelectrics, 

and electroactive polymer skin (EAP). One example of a morphing actuation mechanism applied 

to aircraft is a deployable wing with a shape memory polymer (SMP) composite skin [9]. Some 

inflatable actuation devices include nastic cells, actuator-induced bump flattening, and trail edge 
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actuation devices. Other actuation devices include pulley systems utilizing servos attached to the 

tail boom that pull nylon lines connected to the wing tip. These devices historically have been 

used on small-scale UAVs, which may not generate enough force for a full-scale HIAD system. 

The use of cables powered by a motor mechanism is also a reliable method of pulling on the 

outer torus to deflect the HIAD. There are multiple advantages of using an electric motor 

actuation system over other novel actuators that have a low force to stroke ratio, including its fast 

response rate, ease of integration with other electrical systems, low weight, and ease of control. 

For these reasons, a morphing actuation mechanism consisting of an electric winch motor to 

actuate control surfaces requiring high loads and actuation rates is the leading candidate.   

2.2.1.2. Sensor design study 

Several types of sensors may be used to track the deflection of the HIAD due to 

morphing as well as monitor aerodynamic forces in real time. Both of these measurement types 

will be used when designing a controller to morph the HIAD to achieve a desired L/D.  

Sensors will be used to measure the edge deflection of the outer torus. String 

potentiometers are one option to track this deflection for displacement control purposes. One 

example is a string potentiometer configuration to track cable displacement [56]. Strain gauges 

are an additional option, which are bonded to an object using an adhesive, and their change in 

electrical resistance as the object is deformed is used to measure the strain in an object. 

Additionally, a photogrammetry system is a high fidelity, complex option which essentially uses 

a high-speed photography system to remotely measure 3-D coordinates of an object. It is 

ultimately proposed to use a system of string potentiometers to track the displacement of the 

aeroshell due to their simplicity and effectiveness in tracking cable displacement.  

Sensors will also be used to monitor and control the trajectory of the vehicle. An Inertial 

Measurement Unit (IMU) is the leading control unit for any spacecraft, and is an electronic 

device that is used to measure a vehicleôs specific force and angular rate using a combination of 

accelerometers and gyroscopes. The accelerometers are used to detect linear acceleration, while 

the gyroscopes are used to measure rotational rates. These raw measurements can then be fed 

into an inertial navigation system to calculate altitude, angular rates, linear velocity, and position 

relative to a global reference frame [57]. IMUs can specifically work in a Direct Force Control 
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scheme for an entry vehicle by detecting changes in the angle of attack and sideslip angle. By 

accurately controlling the angle of attack and sideslip angle through morphing of the inflatable 

aerodynamic shape, the lift to drag ratio can be modulated in time for the vehicle to accurately 

land within a desired landing ellipse.  

2.2.2. Design concept selection 

Multiple morphing aeroshell concepts are presented based on requirements from a Direct 

Force Control approach for a Mars EDLAS guidance analysis [4]. The goal is a ±0.11 low L/D 

Direct Force Control method with independent downrange and crossrange control. Some 

investigated approaches include attaching Trim Tabs to the outer diameter of the inflatable 

aeroshell, morphing the inflatable structure assembly, morphing the shoulder of the inflatable 

structure, implementing a sliding aft torus, and inflatable and deflatable pillows attached to the 

inflatable structure. These concepts are to be used for direct comparison to traditional fixed L/D 

with bank angle control approaches, which are not as fuel efficient or accurate.  

One leading concept applies Trim Tabs to an inflatable structure to generate lift in the 

downrange and crossrange channels. Some disadvantages of Trim Tabs are huge localized 

heating on the Trim Tabs themselves. Additionally, there are only four discrete tab positions, 

which would require a means of roll control to adjust the vehicle to the proper orientation such 

that there is no coupling between the downrange and crossrange channels. There also does not 

exist a structurally sound method to deploy the Trim Tables on the flexible inflatable structure. 

Figure 21 below shows a concept of an inflatable Trim Tab design concept in work [55].  

 

Figure 21: Inflatable Trim Tab design concept in work 
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Other methods of producing an actively controlled moving surface on a HIAD to produce 

a non-symmetric shape has also been investigated. Figure 22 below shows a proof of concept 

model for a 1 m scaled aft torus translation concept [55]. One disadvantage of this concept is that 

it is a highly complex mechanism that has interfacing problems with the rest of the payload. 

 

Figure 22: Aft torus translation 1 m proof of concept model 

It is also investigated if other inflatable decelerator concepts have the capability to benefit 

from morphing concepts. The Aerocapture Inflatable Decelerator (AID) concept for planetary 

entry is proposed to morph a novel entry vehicle by bending selected radial beams using 

inflatable elements such as pneumatic actuators [42]. This concept requires a newly built 

structure apart from HIADs that has not yet been structurally built or tested. This dissertation has 

performed a study of this concept to assess the initial feasibility of a morphing spar with rim 

concept using SimMechanics in MATLAB . By actively bending selected radial beams with 

linear pneumatic actuators, the structure was able to morph to a non-symmetric shape to generate 

lift as shown in Figure 23 below. While this concept does demonstrate its feasibility, the 

structure itself is not shown to handle the loads imposed by the Mars entry environment and is 

not therefore investigated further in this dissertation. 

 

Figure 23: Morphing spar with rim concept a) non-actuated and b) actuated shape 
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2.2.2.1. Morphing Structure  concept 

A cable and motor mechanism is one option proposed to constrict the outer torus of a 

HIAD. A series of independent motors spaced equally around the centerbody connection drives 

high strength cables secured to a polymeric skin on the outer torus to pull a sector of the 

aeroshell radially inward to generate a non-symmetric shape. String potentiometers will be used 

to measure cable pull distance and an IMU system will be used in the control algorithm to 

measure the angle of attack and sideslip of the vehicle. It will be powered by an on-board voltage 

or gas power supply. This system can enable non-symmetric control through independent 

actuation of cables. 

The requirements for control state that the HIAD must allow for independent downrange 

control for angle of attack modulation to produce a lift to drag ratio, and crossrange control for 

sideslip modulation. Trajectory analysis has shown that less L/D is needed for bank angle 

control, therefore the system is designed to achieve maximum downrange control [4]. 

Furthermore, the independent actuation of the motors allows the lift vector to be controlled 

without rolling the vehicle to achieve any combination of angle of attack and sideslip angle. 

Figure 24 below is representative of a series of morphing cables on a HIAD. Each cable is 

spooled by a motor and winch mechanism located on the aft centerbody connection of the HIAD. 

Each cable is also spaced symmetrically along the perimeter of the centerbody, and extends 

along the aft side of the HIAD towards its termination along the perimeter of the outer-most 

torus. The series of terminating cables are attached to a morphing skin located on the fore side of 

the HIAD to alleviate any wrinkling during morphing. At any point during an entry, descent, and 

landing scenario, only one sector of cables along the perimeter of the outer-most torus are ever 

active at one time. By controlling the motors independently, this ñmorphing sectionò can orient 

itself towards any lift vector necessary for control, and can turn off lift generation by returning to 

its original shape. By deforming one sector of the HIAD aeroshell at a time, the vehicle produces 

a non-symmetric shape, and due to a resulting non-symmetric pressure distribution, the vehicle 

trims to a non-zero angle of attack, thus generating an appreciable amount of lift. 
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Figure 24: Morphing Structure cable and motor mechanism 

An electric winch and pulley system is proposed to morph the HIAD structure. Brushless 

DC (BLDC) motors are used for implementing displacement control for deforming the HIAD 

using cables, and a disc braking system is used to hold the morphed shape in place. High strength 

material such as Kevlar is proposed for the cables, which are spooled by motors located in 

centerbody slots and are secured to a polymeric skin to wrap around the outer torus and serve to 

pull sectors of the outer torus towards the centerbody connection to produce a non-symmetric 

shape and produce lift.  

When choosing the location of the motor placement, it is desirable to contain the system 

within the HIAD for successful integration with other systems. Packaging of the morphing 

system is found to be of the utmost importance in this design. Therefore, the morphing cables 

should be placed as close to the HIAD inner surface as possible for packaging and integration 

purposes. Because this design is not payload dependent, the design is not affected by any future 

modifications made to the centerbody, making it robust for various entry vehicles and payload 

designs. Figure 25 below shows a packaged HIAD and the ideal location of motors in relation to 

the centerbody connection [1].  

 

Morphing cables

Centerbody
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Figure 25: Suggested motor placement for actuators in HIAD system 

To further illustrate this point, the maximum deformed cross section of a previous 

morphing analysis is shown with various motor placements along the centerbody in Figure 26 

below and the displacements are exaggerated to scale. As the motor placement moves aft down 

the centerbody, the required actuation force is lowered while the required cable pull distance is 

increased. These positions are more mechanically advantageous at the cost of being packed less 

efficiently within the HIAD system. If these designs are to be pursued, it is suggested that these 

concepts use a cable and pulley system to maintain mechanical advantage, but redirect the force 

vector so that the motor can still be packaged as close to the HIAD system as possible. 

 

Ideal location of motors 
with respect to 
centerbody connection



47 
 

 

Figure 26: Cable and motor placement locations 

In the following chapters, analyses are performed where the motors are located in 

centerbody slots such that the cables follow the 20° tangential cone angle of the HIAD. In 

Section 4.4, the effects of varying the placement of the motors such that the cables run horizontal 

to the centerbody, as well as both running 20° upwards and downwards to the centerbody are 

investigated. 

2.2.2.2. Morphing Shoulder concept 

The Morphing Shoulder concept is developed to increase the structural integrity of the 

HIAD by manipulating the shape of the outer torus only as opposed to the entire structure. The 

same actuation system as the Morphing Structure concept is employed, but the outer-most torus, 

known as the shoulder, is deployed with a relatively low internal inflation pressure as compared 

to the inner tori-stack. For example, if the inner-tori stack is inflated to 103 kPa, the shoulder 

torus would only be inflated to 10.3 kPa. It is noted that the Morphing Structure and Morphing 

Shoulder concepts are essentially the same concept, but exist on a continuum of shoulder 

inflation pressures. The final design will determine an optimum shoulder inflation pressure in 

relation to the existing tori-stack, following an additional re-design of the material properties of 

the shoulder torus to better lend itself to morphing applications, such as low rigidity and cord 

orientation to lower the power demands from the actuators. 

Through the selective actuation of cables pulling a circumferential sector of the shoulder 

torus towards the centerbody structure, the aeroshell is able to deform to a non-symmetric shape 
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and generate lift at a non-zero trim angle of attack. In this process, the inner structure of the 

HIAD remains relatively rigid while the shoulder torus is able to deform significantly as a non-

structural member. The advantage of this concept is that the inner tori-stack will not wrinkle or 

deform significantly and will be able to carry the majority of the aerodynamic load, while the 

shoulder torus behaves as an aerodynamic member to generate lift. Figure 27 below shows an 

illustrative concept of a cross-sectional cut of the deformation of the shoulder in relation to the 

HIAD structure. As can be seen, the shoulder torus produces the majority of the deformation, 

leaving the remaining structure to perform in load-carrying capabilities. 

 

Figure 27: Morphing Shoulder baseline vs. morphed cross-section 

2.2.2.3. Comparing design concepts 

This section investigates the advantages and disadvantages of these morphing concepts 

and performs an investigation into their manufacturing requirements that will lead to a better 

understanding of the benefits of both concepts from a cost perspective. 

There are many advantages and disadvantages of both concepts that should be 

investigated when tailoring a morphing design to a desired mission. The Morphing Structure 

concept is more closely aligned with the current HIADs in development, which will ultimately 

make this concept easier to integrate into the current system. It also simplifies the pressure 

regulation system by pressuring all tori to equal pressure. This concept, however, is expected to 
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require a larger load to drive the displacement of the structure due to the stiffness of the high 

inflation pressures within the tori.  

By reducing the internal inflation pressure of the shoulder torus, the loads in the 

Morphing Shoulder concept are expected to be much lower. Due to the higher relative 

displacement of the shoulder torus compared to the structure, however, it is expected that the 

cable pull distance will be larger, resulting in a longer response time. This concept also allows 

for the potential redesign of the structure of the inflatable shoulder torus. Each torus is designed 

to achieve high bending and axial stiffness through the use of axial reinforcing cords that allow 

the braided fabric to be woven at a high braid angle. A high braid angle orients the fibers towards 

the hoop direction, which increases the bending stiffness of the torus. Because the shoulder torus 

would be designed as a non-structural member, it is proposed that either the axial reinforcing 

cords be removed altogether, or the braid be designed with a much smaller braid angle. With 

these changes implemented in the structure, the loads required to morph the shoulder would be 

much lower. 

Both of these concepts have a few disadvantages that should be noted for this analysis, 

although these issues will be addressed in future manufacturing of these concepts. For instance, 

there may exist high localized heating at the morphed regions and specifically where wrinkling 

may occur. The morphing skin on the fore side of the HIAD is expected to alleviate this issue by 

smoothing over the regions of the morphing sector. In addition, it is also noted that without 

pressure regulation, the compression of each torus will increase the pressure above its baseline 

value. Both concepts, when in their morphed state, experience a lower projected area than the 

baseline state which in effect reduce the coefficient of drag, CD, of the vehicle. If the lowered 

drag of the vehicle due to morphing does not adequately decelerate the vehicle to reach the 

desired velocities, it is proposed to design a morphing HIAD with a larger diameter such that the 

morphed planform area produces an adequate coefficient of drag.  

Other concepts are also explored in addition to the morphing HIAD concepts, and this 

section explores why the morphing HIAD concept is ultimately the leading contender and will be 

explored in the main content of this dissertation. A CM offset mechanism is a traditional means 

of controlling a vehicle for aerocapture or entry. However, for the sheer weight and diameter of 

vehicles sized for Mars entry purposes, it is estimated that a mechanism would have to be 
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designed to move the center of mass 0.01 times the vehicle diameter in the crossrange direction 

and 0.06 times the vehicle diameter in the downrange direction. From a preliminary analysis, this 

would require 20 metric tons being moved over 3 meters under a load of approximately 3 gôs. 

Current technology is simply not capable within power and weight requirements to move this 

mass over any response time in compliance with trajectory guidance standards. In addition, the 

elements, such as roller bearings, would have to be sized in excess to support such a complex 

mechanical design. Not only is this a mechanical challenge, but a packaging challenge as there is 

not a lot of packaging flexibility within the payload to move this large mass. 

This dissertation also enumerates the advantages of morphing HIADs over Trim Tabs, 

which is another commonly investigated means of aerodynamic control [25]. Trim Tabs require 

an extrusion off of the aeroshell, and results in unwanted shock potentials and shock interactions. 

They also result in unwanted excess material as the Trim Tabs have to be pulled inwards to 

modulate the lift to drag ratio (L/D). The morphing HIAD, on the other hand, pulls the existing 

tori-stack and the TPS along with it using tension elements. This is known as the inverse shelf 

concept, as a part of the planform area is eliminated as opposed to the Trim Tab concept which 

employs an extending shelf. In addition, a tab deploys an aerodynamic surface forward by 

pushing an element into the flow of the aeroshell, which is more difficult than pulling a tension 

element as demonstrated by the morphing HIAD concept. It is also noted that the morphing 

HIAD concept pulls in excess material to modify the shape of the aeroshell. The amount of 

wrinkling should be mitigated due to the flexible thermal protection system (F-TPS) being 

tensioned around the morphed region. An added benefit of the inverse shelf concept is that the 

wrinkling occurring in the morphed area will only exist in the shadow region, and the vehicle 

will not encounter any wrinkling effects or high heating on the hot side of the aeroshell, where 

maximum heating and pressure occurs during aerocapture and entry.   

The morphing HIAD concepts also presents many opportunities for unique control 

strategies. Typically, trajectory engineers are concerned with commanding an Ŭ command in the 

downrange direction, and a ɓ command in the crossrange direction. A hybrid approach could 

exist where only one morphed region is actuated in the Ŭ channel, and a separate approach could 

be used in the ɓ channel, such as a CM offset mechanism. The unique advantage of a morphing 

HIAD is that any sector along the perimeter of the aeroshell can be morphed to target any 
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direction and achieve any combination of Ŭ and ɓ commands. By clocking the motor positions to 

any angle along the vehicle, only one morphed surface area is required.  

It is also important to consider how the manufacturing processes will affect the cost and 

efficiency of both concepts. Both concepts are deployed in a non-compressed inflatable shape. 

The structure will therefore only experience wrinkling due to morphing on one sector of the 

perimeter that is being pulled on when guidance requires that it is needed. The F-TPS, therefore, 

can be designed to have a smooth shape that only wrinkles when it is being pulled in. If this 

concept is proven flight effective and the internal pressure within the tori-stack remains 

relatively constant, then this design will be effective at reducing the localized heating in the 

morphing sector.  

The following analysis will show that the morphing HIAD approach is the best concept 

for its structural simplicity and low mass approach to controlling a HIAD for aerocapture and 

entry purposes.  
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3. STRUCTURAL FEASIBILITY STUDY  

The morphing HIAD design concepts established in the previous chapter are explored in 

this chapter in order to assess their ability to obtain the desired performance requirements based 

on a realistic application of use. First, candidate morphing HIAD shapes are quickly generated to 

assess its aerodynamic characteristics to determine what morphed shape is required to generate 

the required lift to drag ratio (L/D) at the vehicleôs trim angle of attack. Next, testing is 

performed on an inflatable structure to assess the validity of the morphing concepts, and a finite 

element model of the morphing HIAD is built following the test conditions in order to correlate 

the data and validate the model for additional studies. The finite element model is then adapted 

to a large-scale morphing HIAD to assess the structural integrity in a Mars-entry environment. 

Finally, a simplified trajectory model is introduced to assess the downrange lift capabilities 

produced by morphing as a means of increasing precision landing capabilities of an entry 

vehicle.   

3.1. Morphed aeroshell aerodynamic formulation 

The studies by Johnson [58] and later Green [40] set out to broaden the heat shield design 

space by conducting parametric analyses of heat shields for multiple trajectories and their results 

are used in this section to assess candidate morphing HIAD shapes before more detailed models 

are produced using finite element analysis based on accurate loading to the HIAD structure. 

These studies found that heat shield bodies with larger eccentricities maximize downrange and 

crossrange capabilities with minimal heat load. However, they did not consider the fact that these 

geometries are not easily achievable using inflatables, and the resultant morphed shapes violated 

the constraint of maintaining the diameter of the centerbody structure. Additionally, they did not 

consider any structural failures due to morphing caused by the folding and buckling of the 

inflated tori and wrinkling of the F-TPS, causing increases in heating and uncontrolled 

aerodynamic forces [32]. Green varied the eccentricity of the aeroshell, but did not conclude any 

meaningful changes in the lift to drag ratio (L/D) for a reasonable shape change because this 

work did not develop tools for analyzing non-symmetric shapes for producing lift-generating 

capabilities. Additionally, he did not consider the effects of the morphing shape on trimming the 
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vehicle to generate a larger change in L/D and instead investigated static angles of attack on the 

changes in trajectory performance. 

This dissertation improves upon these tools for evaluating morphed aeroshell shapes by 

taking into account non-symmetric shapes that can be used to generate a non-zero lift to drag 

ratio at its trim angle of attack. The goal is to find the minimum required deflection to achieve a 

desired L/D. Minimizing the amount of deflection reduces the power required from the morphing 

system and opens the design space for less complex systems, and lowers the aerothermal heating 

constraints on the flexible thermal protection system. While the previous analysis in the literature 

failed to conclude any meaningful changes in L/D for a morphed aeroshell shape, this 

dissertation enhances the aeroshell generation tools to take into account non-symmetric shape 

morphing, which produces a much higher L/D change than symmetric morphing by trimming the 

vehicle to a non-zero angle of attack. It is noted that the tools developed for rapidly generating 

morphed aeroshell shapes in this section only serve as a means of performing a preliminary 

analysis to estimate the shape change required to produce a required L/D, and Sections 3.2 and 

3.3 no longer rely on these shape generating tools, as new techniques are introduced to generate 

and export geometrically and structurally realistic three-dimensional models of morphing HIAD 

shapes obtained from finite analysis methods developed and validated based on experimental 

testing performed directly in this dissertation. 

Morphing HIAD shape generation is a useful technique to be able to quickly generate a 

morphed shape estimate and determine what deformation is required to achieve a desired L/D. 

For quickly generating an aeroshell shape, a spherically blunted cone axial profile is developed 

using techniques introduced by Johnson [58], and the three dimensional geometry of the 

aeroshell is created by revolving the axial profile around the base cross-section. Modifying the 

base cross-section is used to create a morphed shape, and is defined using the generalized super 

ellipse equation [59] and is defined in Equation 35 by 
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where r is the radius from the origin and ű is the angle of sweep. The variable m1 describes the 

polygon order, and the variable n2 determines the roundness of the corners of the polygon, where 

2 will produce smooth corners and values greater than 2 will produce concave corners. The 
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aeroshell generation techniques used in this dissertation differ from previous techniques in the 

literature by only implementing the general super ellipse equation on a section along the 

perimeter of the aeroshell where the morphed surface is desired. By varying the polygon order to 

correspond to this degree of surface area, the roundness parameter n2 can be varied to pull the 

morphed surface inwards in various increments. These generated shapes can then be discretized 

into a set of finite elements to allow for the analysis of morphed aeroshell shapes that are 

investigated throughout this dissertation, as well as other complex shapes proposed for future 

studies.   

The Modified Newtonian Impact Theory is used throughout this dissertation to estimate 

the aerodynamic coefficients generated by the vehicle at its trim angle of attack to determine if 

the morphed shape has achieved the required lift to drag ratio, and is validated against 

commercial software in the following section. The equations used to perform the following 

analysis are defined from Johnson [58]. For the present analysis, it is assumed that the sideslip 

and bank angle of the vehicle aero zero. The Modified Newtonian Impact Theory assumes that 

only the tangential component of the fluid momentum is conserved, and is generally a good 

estimate for estimating the pressure distribution over the surface of a vehicle in hypersonic flight 

[60]. The body coordinate system used for the analyses is shown in Figure 28 below [58]. 

 

Figure 28: Body coordinate system 
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The lift to drag radio is defined as L/D = CL/CD, where the coefficient of lift and 

coefficient of drag is defined in Equation 36 and 37 below  

 ὅ ὅÃÏÓ‌ ὅÓÉÎ‌ (36) 

 ὅ ὅÓÉÎ‌ ὅÃÏÓ‌ (37) 

where CN and CA are the normal and axial force coefficients, respectively, and Ŭ is the angle of 

attack as defined in Equation 38. 
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The angle of attack where the pitching moment coefficient about the center of mass, Cm, 

is zero is defined as the trim angle of attack, and is shown in Equation 39 
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(39) 

where CmO is the pitching moment about the aeroshellôs nose as shown in Equation 40 below, 

and (xCoM, zCoM) is the location of the center of mass 
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where Ap, Cp, and dA are the projected area, coefficient of pressure, and differential surface area, 

respectively [58]. The Xb and Zb projections of the unit normal at each point are represented by 

nxb and nzb. The normal and axial aerodynamic forces are shown in Equations 41 and 42 below 

[58]. 
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The Modified Newtonian Impact Theory is used to calculate the coefficient of pressure, 

Cp, which is defined as the fluid flow normal to the aeroshell and is shown in Equation 43 below 

[58]. It is noted that this theory compares very well with high-fidelity CFD predictions over a 

range of angles of attack at hypersonic speeds, and is typically a very good estimation for blunt 

bodies with large inclination angles. 
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The freestream velocity vector as shown in Equation 44 

 ὠᴆ ὠȟὠȟὠ ὠ ÃÏÓ‌ÃÏÓ‍ȟÓÉÎ‌ÃÏÓ‍ȟÓÉÎ‍  (44) 

where for this analysis assumes the sideslip angle, ɓ, is zero, and is thus only a function of the 

angle of attack, Ŭ.  

The maximum value of the pressure coefficient as shown in Equation 45 
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is used to calculate the coefficient of pressure is defined by the ratio of stagnation pressure to 

freestream pressure, p0,2/pÐ; the freestream mach number, MÐ; and the specific heat ratio, ɔ [55]. 

The ratio of the stagnation pressure, p0,2, after the shock to the freestream pressure is defined by 

the Rayleigh pitot tube formula [58], where the obstruction to flow creates a shock wave, and the 

stagnation pressure is no longer the total freestream pressure but is now represented by Equation 

46 as shown below. 
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Any portion of the aeroshell shielded from flow will result in a zero coefficient of 

pressure. The aerodynamic coefficients of any generated or imported morphed aeroshell shapes 

can by analyzed using the Modified Newtonian Impact Theory at hypersonic entry speeds [58]. 

These tools can be used to quickly assess what morphed aeroshell shape and associated radial 

deflection is required to achieve the required lift to drag ratio. This analysis methodology is then 

applied to candidate HIAD shapes to evaluate the radial deflection that satisfies performance 

requirements for various diameter HIADs in the following section. 

3.1.1. Validating the morphed aeroshell aerodynamic evaluation tool 

The goal of this section is to compare the aerodynamic results of the morphed aeroshell 

aerodynamic evaluation tool in MATLAB  to a trusted software package designed at NASA using 

the Modified Newtonian Impact Theory called Configuration Based Aerodynamics (CBAero) to 
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validate the tool and gain confidence in the results. The candidate geometry in this section is a 

Morphing Structure 16.7 m HIAD obtained from finite element deformation analysis outlined in 

Section 3.3 designed to generate approximately 0.11 L/D at the vehicleôs trim angle of attack. 

The smooth geometry is imported in CBAero as shown in Figure 29 and run over a sweep of 

angles of attack to find the location where the pitching moment about the center of mass is zero. 

 

Figure 29: CBAero setup for analysis of imported Morphing Structure aeroshell geometry 

The pressure distribution results at an angle of attack of 0° is shown in Figure 30 below. 

Additionally, Table 3 below compares the trim angle of attack and L/D at the trim angle of attack 

from CBAero and MATLAB . The results show that the vehicle analyzed in CBAero trims to an 

angle of attack of -8.1196° producing a L/D of 0.1116, while the vehicle analyzed in MATLAB 

trims to an angle of attack of -8.0498° producing a L/D of 0.1111. The percent difference 

between the two is 0.4490%, showing that the aerodynamic results are validated to a high degree 

and confidence is gained in the morphed aeroshell evaluation tool. 
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Figure 30: CBAero pressure distribution at Ŭ = 0° for Morphing Structure aeroshell geometry 

with flexible TPS system 

Table 3: Aerodynamic predictions of Morphing Structure using CBAero and MATLAB 

 

3.1.2. 12 m HIAD aerodynamic analysis using shape functions 

This section serves as a preliminary analysis to determine what aerodynamic shapes can 

be generated using the existing HIAD geometry and what aerodynamic performance can be 

expected due to a given morphed shape. The deflection values obtained from this analysis will 

inform what actuation methods and magnitude are required to achieve the desired shapes and 

how the structure reacts to such deformation. 

In this analysis, the Modified Newtonian Impact Theory and the super ellipse equation 

are used to assess the aerodynamic feasibility of some common morphed shapes using a 12 m 

HIAD. The super ellipse formula is used to generate an aeroshell shape with a polygon order of 

m1 = 3, corresponding to one deflected control surface, or sector, spanning 120° of the surface 

area. The unique aspect of the morphing HIAD, however, is that through the independent 

actuation of cables, one sector can be actuated in any direction to control the HIAD. Therefore, 

 

Coefficient of 

pressure, CP

 Trim angle of attack (Ŭ) [deg] Lift to drag ratio (L/D)  

CBAero -8.1196 0.1116 
Matlab -8.0498 0.1111 

L/D percent difference [%] -- 0.4490 
 



59 
 

only one sector of the baseline HIAD is manipulated in order to simulate deformation to obtain a 

non-symmetric shape. As shown in the Figure 31 below, the n2 parameter is varied to deflect the 

outer perimeter of one sector of the aeroshell towards the center. As the n2 parameter is 

decreased, the corner roundness is decreased, which also causes the outer diameter of the 

morphed section to decrease, simulating the use of cables to ñpull inò on this sector. It is also 

noted that for each new shape generated, the circumference is maintained to equal that of the 

baseline shape, m1 = 1, n2 = 2. 

 

Figure 31: Morphed aeroshell shapes for a 12 m aeroshell with a 120° morphing sector 

Results are obtained for a 12 m diameter aeroshell with a 120° morphing sector and are 

summarized in Table 4. The vehicleôs center of mass is assumed to be located along the 

symmetric axis of the aeroshell, with the axial center of mass located a distance from the 

geometrical nose a factor of 0.35 times the outer diameter. Results found that a 0.2321 L/D value 

corresponding to a trim angle of attack of -15.5° was found for the m1 = 3, n2 = 1.6 shape. For 

this generated shape, the maximum inward radial deflection was found to be 0.7539 m. 

 

m1 = 1

n2 = 2

m1 = 3

n2 = 1.9

m1 = 3

n2 = 1.8

m1 = 3

n2 = 1.7

m1 = 3

n2 = 1.6
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Table 4: Aerodynamic results for a 12 m diameter aeroshell with a 120° morphing sector 

  

A plot of the L/D at the trim angle of attack of the vehicle vs. radial deflection is shown 

in Figure 32 below. It is found that by varying the roundness parameter and increasing the radial 

deflection towards the centerbody of the HIAD, the L/D increases nearly linearly. This 

relationship is useful when estimating what redial deflection is required to achieve a desired L/D. 

This analysis shows that the maximum radial deflection required to achieve 0.11 L/D is 0.3674 

meters. This value is found to be significant for future analyses because the inner torus diameter 

of a 12 m HIAD is 0.8255 meters. Therefore, it is found that approximately ½ the deflection of a 

single torus diameter will achieve about 0.11 L/D. This potentially allows for the outer torus, or 

shoulder, to do the majority of morphing to achieve the required aerodynamic performance. 

Shape Shape 

function 

Trim angle of 

attack (Ŭ) [deg] 

Lift  to drag 

ratio  (L/D)  

(L/D)  

Ballistic coefficient 

(ɓ) [kg*m2]  

Deflection 

(ŭ) [m]  

 

m1 = 1 

n2 = 2 
0.0 0.0000 332.8119 0.0000 

 

m1 = 3 

n2 = 1.9 
-3.9 0.0586 369.7020 0.1984 

 

m1 = 3 

n2 = 1.8 
-7.8 0.1169 350.9267 0.3900 

 

m1 = 3 

n2 = 1.7 
-11.7 0.1752 366.8981 0.5751 

 

m1 = 3 

n2 = 1.6 
-15.5 0.2321 387.7607 0.7539 
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Figure 32: L/D at trim angle of attack vs. radial deflection of a 12 m diameter aeroshell with a 

120° morphing sector 

Figure 33 below shows the aerodynamic results of these shape functions at various angles 

of attack. The relationship is also shown between the ballistic coefficient, ɓ = m/CDA, and lift to 

drag ratio, L/D. For a decelerating system with lift capability, it is desirable to have a high L/D 

and a low ballistic coefficient. A low ɓ can be achieved by either increasing the coefficient of 

drag or surface area, or decreasing the mass. These results however, saw that by increasing the 

L/D by morphing, the ballistic coefficient increases. This may be due to the lower overall surface 

are due to pulling in one surface or the loss in drag at a cost of increasing lift. It is noted that this 

optimization strategy is addressed in Section 3.3 and finding the balance of maximizing both lift 

and drag is addressed in Appendix D. 
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Figure 33: CL vs. Ŭ, CD vs. Ŭ, L/D vs. Ŭ, and ɓ vs. Ŭ for a 12 m diameter aeroshell with a 120° 

morphing sector 

The goal of morphing is to achieve an angle of attack that produces a desired lift to drag 

ratio. As shown in the aerodynamic coefficients for a given angle of attack, the morphing 

coefficients do not differ greatly from the baseline coefficients. Therefore, morphing can be seen 

as a trim device whose purpose is to generate a non-symmetric pressure distribution on the 

vehicle to trim the vehicle to a non-zero angle of attack to generate lift. This allows morphing to 

be compared to other devices such as Trim Tabs, because all of these concepts will generate 

approximately the same lift at a given angle of attack. However, the advantages of morphing are 

seen by the relatively minimum amount of deflection required to achieve a high angle of attack. 

The main change introduced by morphing is the shift in the pitching moment coefficient 

about the center of mass. Morphing the HIAD introduces a moment, and the aeroshell trims to 

the angle of attack at which its pitching moment coefficient about its center of mass is zero. By 

trimming to this location, the L/D of the aeroshell increases. Although the magnitude of L/D at a 

specific angle of attack does not increase dramatically, the moment produced by the morphing is 

the main contributor to the increasing lift capability. Figure 34 below shows the pitching moment 

coefficient about the aeroshellôs center of mass versus the angle of attack. The angle of attack 

where the pitching moment coefficient is zero is referred to as the vehicleôs trim angle of attack. 

 

a) b)

c) d)
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Figure 34: Pitching moment coefficient about center of mass vs. angle of attack for a 12 m 

diameter aeroshell with a 120° morphing sector 

An additional analysis is performed to show the effects or reducing the sector in which 

the aeroshell is morphed. In this analysis, the polygon order is increased from m1 = 3 to m1 = 4, 

which reduces the effective control surface of each sector from 120° to 90°. For this analysis, 

only one control surface is actuated within a 90° sector and deflected as shown in Figure 35 

below. 

 

Figure 35: Morphed aeroshell shapes for a 12 m aeroshell with a 90° morphing sector 

 

 

m1 = 1

n2 = 2

m1 = 4

n2 = 1.9

m1 = 4

n2 = 1.8

m1 = 4

n2 = 1.7

m1 = 4

n2 = 1.6
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Aerodynamic results are shown in Table 5 below. By only deflecting a 90° sector, less of 

the surface area of the HIAD is being morphed. This reduction in surface area is shown in by a 

lower L/D obtained at the same radial deflection distance as the study deflecting a 120° sector. 

While a smaller actuated surface produces a smaller L/D, less actuation is required and a balance 

between power and actuation requirements and aerodynamic generation needs to be found to 

determine the optimal control surface required that is unique to any particular mission involving 

morphing HIADs. As mentioned previously, this optimization is addressed in Section 3.3 and in 

Appendix D.  

Table 5: Aerodynamic results for a 12 m diameter aeroshell with a 90° morphing sector 

 

The use of quickly estimating the aerodynamic coefficients as a function of incremental 

shape change can therefore be applied to a trajectory analysis simulation, where the incremental 

change in morphed shape can be represented as a function of time. Figure 36 below shows a 

representation of discrete morphing through the use of shape functions to simulate a morphing 

event for a duration of 10 seconds, beginning at 1 second and with a morphing resolution of 1 

second. At each morphing state, corresponding to 1 second in time, the trim angle of attack is 

updated according to the aerodynamic properties of the morphed incremental shape and is set to 

the current angle of attack. The coefficient of lift, coefficient of drag, and planform area, 

Shape Shape 

function 

Trim angle of 

attack (Ŭ) 

[deg] 

Lift  to drag 

ratio (L/D)  

Ballistic coefficient 

(ɓ) [kg*m 2] 

Deflection 

(ŭ) [m]  

 

m1 = 1 

n2 = 2 
0.0 0.0000 332.8119 0.00 

 

m1 = 3 

n2 = 1.9 
-3.0 0.0451 337.6491 0.1984 

 

m1 = 3 

n2 = 1.8 
-6.1 0.0915 345.1819 0.3900 

 

m1 = 3 

n2 = 1.7 
-9.1 0.1363 355.3366 0.5751 

 

m1 = 3 

n2 = 1.6 
-12 0.1798 368.0848 0.7539 
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therefore, are obtained from the morphed aeroshell shape at their current angle of attack. The 

incremental change of the HIAD shape as a function of time is shown in Figure 36 below as a 

means of demonstrating this concept. 

 

Figure 36: Morphing of symmetric to non-symmetric aeroshell for use in a trajectory simulation 

Table 6 below is a sample representative of the aerodynamic inputs of the morphed shape 

fed into a trajectory simulator at each time step. The coefficient of lift, coefficient of drag, and 

planform area are all functions of the morphed shape and affect the trajectory of the morphing 

HIAD. 

 

Incremental shape change
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Table 6: Aerodynamic coefficient table for a morphing trajectory simulation 

 

Trajectory simulations can then be run for a morphing HIAD as well as a baseline HIAD 

which does not induce morphing. This dissertation shows how these inputs are fed into a 

trajectory simulation to determine the trajectory as well as heating change due to morphing, 

which is explored in Sections 3.4 and 4.4. 

3.1.3. 16.7 m HIAD aerodynamic analysis using shape functions 

In this analysis, the diameter of the HIAD is expanded to 16.7 m to investigate its 

applicability for Mars mission applications. When scaling the HIAD to larger diameters, the 

amount of deflection increases, therefore increasing the demands of the actuator system. If the 

morphing system can be designed for a large-scale system, however, it can also be scaled down 

to smaller outer diameters in order to be useful for multiple mission applications. A similar 

aerodynamic analysis is performed for a 120° control surface scaled to a 16.7 m outer diameter. 

The results are summarized in Table 7 below for multiple deflected shapes, and show that about 

0.4821 m of maximum radial deflection is required to achieve 0.11 L/D in a 16.7 m HIAD. 

Time [s] Coefficient of lift (CL) Coefficent of drag (CD) Projected area (Ap) [m2] 

0 0.0000 1.4988 192.4579 

1 0.0209 1.4924 191.6069 

2 0.0418 1.4860 190.7560 

3 0.0626 1.4796 189.9050 

4 0.0835 1.4732 189.0540 

5 0.1044 1.4668 188.2030 

6 0.1253 1.4603 187.3521 

7 0.1462 1.4539 186.5011 

8 0.1671 1.4475 185.6501 

9 0.1879 1.4411 184.7991 

10 0.2088 1.4347 183.9482 

11 0.2297 1.4283 183.0972 
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Table 7: Aerodynamic results for a 16.7 m diameter aeroshell with a 120° morphing sector 

 

Mars-scale missions will rely on large-diameter HIADs, such as the 16.7 m outer 

diameter HIAD, to provide the deceleration necessary for large payloads. The following sections 

will further investigate the aerodynamic and structural properties of the 16.7 m HIAD using 

these analysis techniques in order to quickly estimate the deflections required to achieve a 

desired L/D. 

3.2. Morphing HIAD testing and model validation 

The purpose of this section is to test realistic load application methods to morph a HIAD 

and to correlate this data with analytical models to better predict large-scale HIAD performance. 

These results will inform the model of what loads are required to achieve the desired deflected 

shape, as well as which load applications are most suitable to eliminate the effects of wrinkling 

or indentation of the torus. This section will initially perform testing on a 6 m HIAD employing 

the Morphing Shoulder concept, followed by the development of a correlated finite element 

model using the commercial software program ABAQUS. Additionally, the beam-based FE 

methodology is applied to a HIAD structure and morphing elements are developed to simulate 

morphing and the results are compared to experimental and shell-based FE results. 

Shape Shape 

function 

Trim angle of 

attack (alpha) 

[deg] 

Lift  to drag 

ratio (L/D)  

Ballistic coefficient 

(ɓ) [kg*m 2] 

Deflection 

(ŭ) [m]  

 

m1 = 1 

n2 = 2 
0.0 0.0000 169.1320 0.00 

 

m1 = 3 

n2 = 1.9 
-4.1 0.0628 172.7288 0.2761 

 

m1 = 3 

n2 = 1.8 
-8.1 0.1239 178.6876 0.5428 

 

m1 = 3 

n2 = 1.7 
-12.1 0.1853 187.2504 0.8004 

 

m1 = 3 

n2 = 1.6 
-16.1 0.2470 198.7832 1.0492 
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3.2.1. Experimental testing of a 6 m HIAD overview and results 

Testing is performed utilizing an existing HIAD 6 m National Full-Scale Aerodynamic 

Complex (NFAC) project inflatable structure test assembly to determine the forces required to 

generate the desired shape change. The designation ñTXò is used to refer to the torus on the 

HIAD assembly with X designating the number of the torus, where T1 is the torus adjacent to the 

centerbody, and increasing as the adjacent tori move farther away from the centerbody. The 

assembly is a modified 6 m diameter test article, with the tri-torus, and shoulder torus removed. 

Six nylon webbing straps are initially attached from the crowôs feet pairing loop straps of the 

deflated outer torus, known as the T6 torus, or shoulder torus, to loops on the inner T4 torus on 

the opposite sector of the HIAD, forming an approximate 64° morphing sector. In light of having 

a rigid fixed centerbody to react against, the inner tori-stack is highly pressurized and its 

deformation is negligible with respect to the shoulder displacement, and is therefore used to 

approximate a fixed boundary condition. Additionally, a piece of Kapton-Kevlar Laminate 

(KKL) skin is bonded to the straps to improve the shoulderôs resistance to indentation during 

morphing. In this test, the two inner-tori, T1 and T2, are not inflated. The rest of the inner tori-

stack, T3, T4, and T5, are all inflated to a rigid 83 kPa. Figure 37 below shows the HIAD 

assembly inflated to 83 kPa with the shoulder torus initially deflated. 

 

Figure 37: Test article with shoulder torus deflated 

Initial tensioning of the shoulder torus is shown in Figure 38 below. To initiate morphing, 

ratchet cranks on the inner, middle, and outer strap pairs are adjusted to achieve a smooth 

displaced shape, and once these lengths are locked in place, the shoulder T6 torus is inflated 

from pressures ranging from 6.9 kPa to 13.8 kPa such that the shape is maintained by the loads in 

the straps. 
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Figure 38: Test article with shoulder torus inflated and straps tensioned 

The load on the inner strap is measured using a calibrated load cell as shown in Figure 39 

below, and the outer diameter of the test article is measured in the loaded and unloaded state to 

determine the overall morphed displacement as a function of shoulder inflation pressure. 

 

Figure 39: Load cell on inner strap 

The deformation tests performed for a 13.8 kPa shoulder pressure is shown in Figure 40 

below. Results show that by adjusting the straps to reach a change in outer diameter of 0.1714 m, 

the inner strap is loaded to 627 N at a 13.8 kPa internal inflation shoulder pressure. Additionally, 

the HIAD assembly returns to its original shape when unloaded. 
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Figure 40: Deformation test at a 13.8 kPa shoulder inflation pressure 

The results are also shown in Table 8 below. Testing is performed at shoulder inflation 

pressures ranging from 6.9 kPa to 13.8 kPa. This information is used to develop numerical 

models to correlate the experimental test data with model predictions. 

Table 8: 6 m HIAD Morphing Shoulder experimental test results 

 

3.2.2. Test data correlation using finite element analysis 

A three-dimensional shell-based FE model of the 6 m HIAD configuration is developed 

using the finite element (FE) software ABAQUS [61] to predict the response of the morphing 

 
13.8 kPaat 627 N center strap load 13.8 kPaunloaded

Strap positions [cm]     

2 inner 2 middle 2 outer 
Inner strap 

load [N] 

Shoulder inflation 

pressure [kPa] 

Outer 

diameter [cm] 

Change in outer 

diameter [cm] 

25.4 20.3 15.2 363.0 6.9 491.5 14.6 

33.0 25.4 15.2 405.7 6.9 489.0 17.1 

33.0 25.4 15.2 413.7 6.9 488.3 17.8 

25.4 20.3 15.2 485.7 10.3 492.1 14.0 

33.0 25.4 15.2 533.8 10.3 489.0 17.1 

25.4 20.3 15.2 573.8 13.8 491.5 14.6 

33.0 25.4 15.2 627.2 13.8 489.0 17.1 
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straps and to compare against experimental results in order to correlate the data for future 

parametric studies. The development of the model is presented, followed by a discussion of the 

converged simulation results in order to correlate the model to test data, and an additional study 

on the change in shoulder pressure due to morphing is also shown to validate this concept.  

The inflatable tori-stack is modeled with element type S4R, a 4 node reduced integration 

quadratic shell element. The shell material is a linearly elastic, orthotropic material as described 

in Chapter 2. The axial reinforcing cords, which are superimposed onto the shell nodes, are 

modeled with element type B32, a 3 node quadratic beam element, and its axial behavior is 

described by a direct force-strain input table. Cord properties and orthotropic shell material 

properties utilized in this model are derived from component-level tension-torsion tests [49]. 

Contact conditions among the straps and tori interactions are modeled in order to capture the 

increasing contact surface area as the shoulder torus deflects radially inward during compression. 

The HIAD is supported by rigidly fixing the nodes of the inner strap connections and inner torus 

surface area to the centerbody connection. The model is developed using ABAQUS/Explicit 

analysis, which is a mathematic technique for integrating the equations of motion through time. 

Explicit analysis has a very robust contact algorithm, is capable of solving sources of 

discontinuity such as buckling or local wrinkling of a material, and is more efficient for problems 

that require large displacement, nonlinear, quasi-static analyses [62]. 

In this model, the morphing straps are modeled using shell elements to decrease the 

stiffness and to better distribute the load compared to beam elements. The end strap nodes are 

bonded to the tangent nodes on the outer shoulder torus. Due to the two branching strap 

connections to the shoulder in the experimental tests, each strap is modeled as two radial straps 

fixed to the HIAD in order to simulate the distributed load offered by the branching straps. The 

finite element model is shown in Figure 41 below, and Figure 42 compares the ratchet strap 

connection point of the test versus the model. This model utilizes two loading steps in the 

analysis process, which are an inflation step and a morphing step. In the inflation step, the loads 

are applied to the inner surface of the tori to simulation the inflation process. The internal 

pressure is modeled using a fluid cavity interaction, which is verified against a distributed 

follower force model in Appendix C of this dissertation. The inner tori-stack is inflated to 83 kPa 

and the shoulder torus is inflated to 13.8 kPa, while the end nodes of the morphing straps are 
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fixed to maintain a nominal pull distance. In the morphing step, a displacement control boundary 

condition is applied to the end nodes of the straps along their axial direction to control the pull 

distance to match test criteria. Section forces are measured in the straps to determine loading. 

The mesh size of the finite element model was chosen to ensure convergence of the 

results by increasing the fidelity of the model. A coarse mesh size will unrealistically predict the 

stiffness of the straps and will not be able to accurately produce the morphed wrinkling results. It 

is also noted that to save computational time, this model represents a 180° symmetric model and 

thus only simulated 3 out of the 6 straps with a symmetric boundary condition at the interface. 

 

Figure 41: 6 m HIAD Morphing Shoulder element mesh 
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Figure 42: Details of ratchet strap connection of a) test configuration and b) element mesh 

3.2.3. 6 m Morphing Shoulder HIAD model using shell elements results 

The deformation results from the FE simulation are shown in Figure 43 below for a 13.8 

kPa shoulder deflected radially about 17.1 cm. Additionally, Figure 44 below compares the 

deformed shape with the tested deflected shape, which reveals that the morphed shape closely 

resembles test data. Wrinkling of the shoulder is also captured by the model, which was seen 

during testing results. 

 

Figure 43: 6 m HIAD Morphing Shoulder deformation 

 

a) b)
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Figure 44: Morphed deformation of a) experimental test and b) finite element simulation 

The radial displacement vs. average inner strap load at the shoulder inflation pressures of 

6.9 kPa, 10.3 kPa, and 13.8 kPa are shown in Figure 45 below, which compares the simulated 

results to experimental results. The results show that the finite element model agrees very well 

with test data for all inflation pressures. Additionally, Table 9 shows the percent difference 

between the test loads and the simulated loads. Now that this model is correlated with test data, 

additional testing will study the effects of morphing on a large scale 16.7 m HIAD. It is also 

noted that a detailed analysis of this model as applied to a different novel concept known as the 

Morph and Release Shoulder is shown in Appendix B. 

 

a) b)
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Figure 45: 6 m Morphing Shoulder HIAD average inner strap load vs. radial displacement 

Table 9: 6 m HIAD Morphing Shoulder experimental vs. simulated results 

  

3.2.3.1. Tracking the change in shoulder internal inflation pressure due to morphing 

There is a concern whether the shoulder inflation pressure is adequate to maintain its 

shape against aerodynamic forces after being compressed and/or released during morphing. 

Pulling on the radial morphing straps compresses the shoulder and decreases its volume, causing 

the internal pressure to increase, while releasing the radial morphing straps relieves the shape of 

the shoulder and increases its volume, causing the internal pressure to go down. There needs to 

be enough stored energy in the shoulder after compression such that the shoulder returns to its 

original shape after being relieved with enough internal pressure to overcome the applied 

 

Inflation 

pressure [kPa] 

Radial displacement 

[cm] 

Test load [N] Simulated load [N] Percent difference 

[%]  

6.9 14.6 363.0 343.9 5.4077 

6.9 17.1 405.7 416.4 2.6176 

6.9 17.8 413.7 444.0 7.0927 

10.3 14.0 485.7 441.6 9.5190 

10.3 17.1 533.8 541.9 1.5105 

13.8 14.6 573.8 577.0 0.5489 

13.8 17.1 671.7 675.5 7.4165 
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aerodynamic forces. This section tracks what the internal inflation pressure after the shoulder is 

relieved to determine if this pressure change is acceptable. These results may increase the 

requirements for the shoulder pressure, which will in turn increase the morphing strap loads.  

If the change in internal inflation pressure is too high, the addition of a relieving 

regulation system will be used to relieve the shoulder during compression such that the loads to 

not become excessively high. There is a concern when deflecting the shoulder, however, that 

even though it is at a reasonably low pressure and there is not a lot of mass to move, it is still 

encased in a very large volume. The shoulder, therefore, might not have enough mass to create 

the mass flow required to bring it back to the nominal inflation pressure when the shoulder is 

released. 

To test this theory, an additional step is added to the finite element simulation after the 

morphing step, in which the morphing straps are returned to their original positions and the 

change in pressure during free expansion is measured. The results are shown in the Figure 46 

below, and shows that the pressure drops from 13.8 kPa to 12.5 kPa, with an overall 1.3 kPa drop 

in pressure. This small change is not significant to have a drastic effect on the ability of the torus 

to return to its original shape, but it may require the nominal pressure to increase slightly in order 

to retain 13.8 kPa at all stages. 

 

Figure 46: Tracking relief of shoulder torus inflation pressure vs. radial displacement 
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3.2.4. 6 m Morphing Shoulder HIAD model using beam-based FE modeling 

The goal of this section is to use the beam-based FE formulation from Chapter 2 to 

expand its application to a morphing HIAD configuration. In modeling multiple tori, the 

interaction between the inflatable tori in addition to the straps that connect the tori to each other 

must be accounted for. Modeling the full HIAD system using a beam-based FE modeling 

approach is investigated by Young [51] and involves the use of inflatable torus elements, 

interaction elements to capture the response among tori, strap elements to represent the loop, 

radial, and chevron straps, and link elements to connect straps and tori. The purpose of this 

section is to develop the methodology to assign morphing elements to the HIAD structure in 

order to deflect the HIAD and achieve a non-symmetric shape. 

3.2.4.1. Morphing HIAD beam-based FE formulation  

A beam-based FE model is developed to simulate the 6 m proof of concept morphing 

HIAD test article in order to correlate the model to experimental and shell-based FE model 

results. While this model has a lower fidelity than the ABAQUS finite element simulation, the 

simulation times are on the order of minutes and can be used to quickly assess morphing 

configurations and their associated performance. In the following analysis, an enforced 

displacement solver is implemented, which allows for controlling the displacement of multiple 

degrees of freedom of a model. The 6 m HIAD configuration is modeled using beam elements, 

and a graphical representation of the HIAD is shown Figure 47 below. 

 

Figure 47: 6 m Morphing Shoulder HIAD using beam-based FE formulation a) full strap 

configuration and b) deformed shape with 6 morphing straps 

In the beam-based model, the straps are offset from the centroid of the tori using link 

elements. Morphing elements are added to the HIAD structure by connecting 28 straps to link 

 

a) b)
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elements on the outer shoulder. As performed in the experimental testing, only 6 out of 28 straps 

are used at a time to morph the structure of the HIAD. The outer node of each morphing strap is 

controlled simultaneously using the enforced displacement solver. By enforcing the nodes of the 

morphing straps to displace radially inward such that the displacement is maximum at the center 

strap and tapers to zero towards the outer straps, the HIAD is able to deform to a non-symmetric 

shape. The discrete strap loading, however, will not produce accurate results without finding a 

converged solution. Additionally, the discrete loading of cables along the torus produces a 

discontinuous spike in loading and deflection, which must be refined to obtain an accurate result.  

A distributed load is first simulated on the morphing shoulder region to obtain an 

estimate of the total morphing load by increasing the number of continuous morphing elements 

across the morphing region, and a convergence study is performed to track the convergence of 

the total load solution. Figure 48 below represents the number of morphing elements across the 

surface of the morphing structure. 

 

Figure 48: Simulating a distributed morphing load by increasing the number of morphing 

elements 

During testing, the linearly tapered morphing displacement boundary conditions are 

applied to an approximate 64° region of the HIAD, corresponding to test conditions. The total 

load is tracked as a function of the number of morphing elements, and Figure 49 below shows 

that the load eventually converges to a steady value as the morphing elements approach a 

continuous surface. 

 



79 
 

 

Figure 49: Convergence of total load vs. number of morphing elements 

 To obtain the approximated load of the inner strap to compare to the load cell measurements 

from the experimental tests, it is assumed that the discrete morphing straps carry the distributed 

load as a function of their displacement and position. By assuming a linear displacement-to-force 

relationship among the morphing straps, it is approximated that the inner strap load is one-fourth 

the value of the total strap load for this loading condition. 

3.2.4.2. Accounting for the additional deflection due to shoulder compression 

It is noted that the beam-based method is limited in scope because, as opposed to the 

shell-based analysis performed in ABAQUS, it is not capable of capturing the exact geometry of 

the torus as it compresses against the adjacent tori. This deflection due to shoulder compression 

is not accounted for and must be included in the results to accurately estimate the total radial 

deflection. The goal of this section is to estimate the additional deflection due to shoulder 

 



80 
 

compression and add this value to the total deflection for each load increment, ŭtotal, as shown in 

Equation 47 below. 

‏  ‏ ‏  (47) 

The pressure changes before and after morphing, p1 and p2, respectively, of the shoulder 

are shown in Equations 48 and 49 below. It is noted that during these tests, the final morphing 

pressure was regulated to 13.8 kPa. 

 ὴ ὴ ὴ ςὴίὭ (48) 

 ὴ ὴ ὴ  (49) 

The external pressure due to morphing is defined as pext, as shown in Equation 50 below, 

and takes the load at the current iteration, F, divided by the projected morphing actuation region 

in the shoulder encompassed by the angle in degrees, ɗ, where d1 is the shoulder diameter.  
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For an ideal gas isentropic process, the relationship between pressure and volume change 

can be measured. For nitrogen gas (N2) with a heat capacity ratio, ɔ, of 1.4, the area relationship 

between the initial and morphed cross-sections is shown in Equation 51 below. 
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(51) 

The new shoulder diameter, d2, of the compressed area, A2, can then be calculated as 

shown in Equation 52 below. 

 

Ὠ
τὃ

“
 

(52) 

The deflection due to shoulder compression is then found by calculating the change in 

shoulder diameter, as shown Equation 53 below. 

‏  Ὠ Ὠ (53) 

Finally, the shoulder deflection, ŭshoulder, is added to the current estimated deflection from 

the beam model, ŭbeam, to find the total deflection for each iterative load, ŭtotal. 
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3.2.4.3. 6 m Morphing Shoulder HIAD using beam-based FE modeling results 

The beam-based model results are shown in graphical form in the Figure 50, showing that 

the shoulder torus is able to smoothly deflect due to a tapered morphing strap load. 

 

Figure 50: 6 m Morphing Shoulder HIAD using beam-based FE modeling shoulder deflection 

magnitude 

The average inner strap loads are compared to the experimentally measured strap loads at 

the specified deflected increments measured by the load cell. As shown in Figure 51, the results 

indicate that for the measured deflection, the beam-based morphing HIAD model is able to 

accurately capture the load magnitude and inflation pressure dependence. Additionally, the 

results show that the additional deflection due to shoulder compression plays a large factor in 

morphing the shoulder of the HIAD and must be accounted for. This model is compared to a 

large scale 16.7 m HIAD analysis in Section 3.3.5.  

These results show that the beam-based methodology for inflatable beams can be applied 

to assessing the morphing capabilities of HIADs. While the ABAQUS model has a higher 

fidelity and can accurately capture the compression in the tori-stage due to loading of the 

aeroshell, this model demonstrates capabilities for quickly assessing the load vs. deflection 

performance of morphing systems in simulation times that are orders of magnitude lower than 

the ABAQUS finite element simulations. 
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Figure 51: Average inner strap load vs. radial displacement of 6 m Morphing Shoulder HIAD 

comparing beam model, shell model, and experimental results 
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3.3. Large scale HIAD conceptual study for a human scale vehicle 

application 

Now that the model correlation study is complete, a new conceptual study is performed in 

this section for a large-scale HIAD to determine its applicability for a human scale vehicle in 

entry-like conditions. An integrated aerodynamic/structural analysis is performed on two leading 

concepts for morphing a large scale 16.7 m HIAD for enabling humans to land on Mars. These 

two concepts are defined by the Morphing Shoulder concept, in which a low pressure outer torus 

is deformed, and a Morphing Structure concept, in which all tori are equally pressurized and the 

entire structure is deformed. For both concepts, it is assumed that 74 motors are placed equally 

around the circumference of the centerbody connection that pull on straps connected to the T5 

shoulder torus. 24 of these motors are only ever active at a time to retract the sector of an 

approximate 120° surface area of the perimeter in a tapered loading pattern to initiate downrange 

morphing. Figure 52 below shows an illustration of the placement of 74 cables connected to 

independent winch drum motors on the centerbody structure. Each cable extends from the 

centerbody connection on the aft side of the inflatable structure to the outer-most torus, in which 

each cable is then attached to a morphing skin structure extending on the fore side of HIAD 

which is then terminated at the centerbody connection on the fore side of the inflatable structure. 

When a desired lift vector is commanded, a morphing sectors of 24 motors as shown in red are 

oriented towards the desired lift vector and are actuated in such a way that the HIAD deforms to 

produce the desired lift magnitude by trimming the vehicle to a non-zero angle of attack. The 

choice of which 24 motors are actuated determines the direction of the lift vector.  

A detailed optimization study on the decision to morph a 120° morphed surface area is 

performed in Appendix D. 
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Figure 52: Morphing cable arrangement for large scale 16.7 m analysis 

A detailed design analysis is performed in order to choose the number of motor and cable 

sets for this configuration based on systems-level benefits that optimize the requirements of the 

overall mission. By including more motors, less motor torque is required per motor and 

additionally, the size, cost, and power consumption of each motor decreases. Another advantage 

to having more cables pulling on the aeroshell is that there is a smaller load requirement for each 

cable, resulting in the design of smaller sized cables which donôt have to carry an excessive load. 

Additionally, the drum size that retracts the cables can be designed to smaller diameters that 

require less torque, motor power, and energy requirements. The number of motors for this design 

is chosen to be spaced optimally across the perimeter of the centerbody connection in order to 

best utilize the available space that has already been allocated to the centerbody strap placement. 

Furthermore, by distributing more motors that use less power, redundancy is built into the system 

because if one of the motors fail, its adjacent motors are spaced close enough to compensate for 

this failure and retract the aeroshell accordingly.  

In addition to the safety and power savings listed above, there is also a concern that 

having too few cable sets will restrict the systemôs ability to functionally deform a smooth sector 

of the aeroshell without having scalloping effects in between adjacent motors. Therefore, the 

number of motors are also chosen based on giving a smoothed, continuous shape to the morphed 

region of the HIAD.    

 

lift vector
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It is also important to consider all of the potential functions of the motor placement as a 

system. An overall requirement for HIADs is the ability to retract the inflatable aeroshell once it 

has landed on the surface. Upon landing, the fill lines will be terminated and the inflatable 

structure will be deflated. There will have to be enough cable sets to pull on the deflated HIAD 

so it is uniformly distributed around the body, and the motor winch system will pull the 

inflatable structure inwards into a packed, stowed position to remove the interference of the 

HIAD around the structure. This will enable vehicles that are servicing the entry platform to be 

able to pull up as close as possible to the payload structure. During this retraction phase, it is 

noted that the loads required to retract the entire HIAD will be significantly lower because the 

inflatable structure will be deflated and will no longer hold its rigidity. The number of motors 

and actuated region are thus chosen based on motor sizing, redundancy, achieving a smooth 

morphed surface, and systems functionality. 

This section is organized as follows. First, the design requirements are outlined for both 

concepts. Then, a detailed analysis of the Morphing Shoulder concept is performed, followed by 

detailed analysis of the Morphing Structure concept. Both concepts are compared to each other 

based on load requirements and their efficiency in generating L/D. The beam-based morphing 

HIAD model is revisited to compare results to the shell-based FE model to assess its validity in 

predicted the morphing load as a function of morphing displacement. Finally, an open loop 

trajectory simulation is performed to assess the morphing contributions to increasing the range of 

the vehicle and the associated heat savings due to morphing the shape of the HIAD. 

3.3.1. Design based on L/D requirements 

When designing a morphed state, it is important to look at test data to see what 

contributes to effective increases in L/D. National Full-Scale Aerodynamic Complex (NFAC) 

data has shown that the sector of the HIAD associated with the windward side deflects slightly 

aft and the leeward side deflects slightly forward relative to the centerbody, which in effect 

increases the trim angle of attack increasing the side force and L/D [2]. The IRVE-3 Project, for 

example, produced L/D of 0.2 using the CM offset mechanism that should have seen a L/D of 

about 0.12 if the centerbody interface had been rigid [2].  
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As outlined in the mission design requirements of Section 1.6.1, it is determined that a 

L/D of 0.15 in a direct force guidance is more than adequate to target the required 50 m radius 

for enabling a successful landing on Mars [4]. Additional studies in the aerodynamic analysis for 

Mars capture shows that a bias towards the positive L/D allows for L/D of ± 0.11 centered on an 

offset of 0.05. Due to the effective contributions listed above, for the following analysis a L/D of 

0.11 is targeted. Shape function analysis in Section 3.1.4 has shown that for a 16.7 m HIAD, a 

maximum radial deflection of approximately 0.4826 m is required to achieve L/D of 0.11. Lower 

deflection requirements result in a lower required force, which will in effect reduce motor 

requirements and weight.  

3.3.2. Morphing Shoulder analysis 

In this section, a Morphing Shoulder model is developed for a 16.7 m HIAD using the 

correlated model developed previously in Section 3.2. Load application details are shown for this 

concept, followed by structural and aerodynamic results. 

3.3.2.1. Morphing Shoulder structural development 

In the ABAQUS model, the 16.7 m HIAD configuration is modified by removing a small 

inner diameter (ID) outer torus in order to better facilitate morphing of a larger diameter T5 

shoulder. The small ID shoulder was previously included to induce better flow separation, but 

recent studies have shown that the configuration is adequate without this shoulder, resulting in a 

5-tori stack configuration [2]. In order to reduce the computational expense, half-symmetry of 

the HIAD is employed to include a 180° cut of the HIAD. Nodes in the center plane are 

constrained from moving in the global Z-direction, or rotating about the X or Y axes. 24 

morphing straps are modeled as shell elements and connect from the T5 torus tangentially 

downward to the centerbody payload. The straps are equally spaced in an approximate 120° 

section of the HIAD. Due to the half-symmetric modeling, only 12 straps are modeled in an 

approximate 60° section. The figure of the HIAD 5-Tori stack with 24 morphing straps is shown 

in Figure 53 below. 
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Figure 53: 16.7 m HIAD 5-tori stack Morphing Shoulder ABAQUS model 

The 16.7 m HIAD ABAQUS model is run using ABAQUS/Explicit with contact. To 

control the displacement of the cables, displacement boundary conditions are placed at the end 

nodes of the straps at the centerbody termination. The straps are pulled using a linear tapering 

function with a maximum at the center straps and a minimum at the outer straps. In other words, 

the maximum strap displacement occurs at the center-most strap in the morphing sector, while 

this displacement slowly decreases as the straps move outward of the center, and eventually taper 

to zero displacement at the outer strap in the morphing section. The straps outside of the 120° 

morphing section are not actuated. Each torus is modeled with internal inflation gas of Nitrogen 

to track pressure change. 

The morphing analysis consists of three steps. During the first step, the internal inflation 

gas is pressurized in each torus using a fluid cavity interaction. Tori T1-T4 are pressurized to 103 

kPa, and the shoulder T5 torus is pressurized to 10.3 kPa. The displacement conditions at the end 

of the straps are fixed to maintain a nominal pull distance. During the second step, an 

aerodynamic load is applied to the bottom surface of the structure to simulate accurate loading 

during entry. From an estimated total drag load of 1,521 kN during entry, it is estimated that only 

840 kN is applied to the inflatable structure of the HIAD [2]. Due to the half-symmetric 

modeling, half of this load, 420 kN is applied to the surface. During the third step, morphing is 

initiated by applying displacement control to the end nodes of the straps along their axial 

direction to accurately control the pull distance to the performance criteria. Section forces are 

measured in the straps to determine the loading at each displacement step. The details of the fluid 

cavity interaction module and a validation study to enable its use are detailed in Appendix C. 
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3.3.2.2. Morphing Shoulder structural results 

ABAQUS Explicit Analysis is performed to retract the 24 straps to deform the HIAD 

enough to achieve a lift to drag ratio of ±0.11. The HIAD cross-sections at the end of each 

analysis step are shown in Figure 54 below. 

 

Figure 54: 16.7 m HIAD Morphing Shoulder cross-sections due to morphing 

The results have shown that by wrinkling the shoulder torus, the desired amount of radial 

deflection to achieve the desired L/D is able to be achieved. The HIAD deformed shape with a 

color contour plot of deflection is shown in Figure 55 below. It is also shown that when relieving 

the load, the HIAD returns to its aerodynamically loaded shape. It is theorized that by pulling on 

the underlying structural skin of the TPS instead of the pulling directly on the torus, the skin 

tension would try to balance out any wrinkles to deliver an overall smoother shape.  

 

Figure 55: 16.7 m HIAD Morphing Shoulder deformed shape 
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For the following analyses, the center motor load refers to the individual cable load 

located at the center of the morphing sector. The total motor load refers to the aggregated sum of 

all 24 cable loads in the morphing sector. The non-actuated cables are not in tension and thus 

have zero loading. The individual motor loads of all 24 motors are shown in Figure 56 below as 

a function of the radial displacement of the HIAD. These results show the loading is mainly 

produced near the center of deflection, and increase with deflection. Additionally, a table of the 

center motor load and the total motor load is shown in Table 10 below with Figure 57 showing 

the individual motor load plotted against radial displacement. The trends show a steadily 

increasing load with radial displacement, overcoming initial cord stiffness at the beginning, and 

after rolling off slightly, steadily increasing in stiffness again as the shoulder torus becomes more 

pressurized due to compression. 

 

Figure 56: 16.7 m HIAD Morphing Shoulder load vs. motor number as a function of HIAD 

radial deflection 
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Table 10: 16.7 m HIAD Morphing Shoulder center motor load and total motor load vs. radial 

displacement 

 

 

Figure 57: 16.7 m HIAD Morphing Shoulder total motor load vs. radial displacement 

The pressure change is also monitored in the shoulder torus during morphing. Figure 58 

below tracks the increase in pressure of the shoulder due to compression during the morphing 

stage. Results show that the pressure increases minimally from 10.3 kPa to about 10.9 kPa, with 

an overall 0.5934 kPa increase in pressure.  

Radial displacement [m] Center motor load [kN]  Total motor load [kN]  

0.0000 0.0000 0.0000 

0.0249 0.1232 0.4061 

0.0746 0.2213 0.9598 

0.1409 0.2379 1.3457 

0.2023 0.2588 1.7946 

0.2650 0.3017 2.2150 

0.3412 0.4395 2.8652 

0.4538 0.9277 4.2407 

0.5436 1.5055 5.9187 
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Figure 58: Internal pressure in shoulder torus vs. radial displacement during morphing 

3.3.2.3. Morphing Shoulder aerodynamic analysis 

The goal of this section is to obtain aerodynamic properties from the shapes generated by 

morphing in ABAQUS. The aerodynamic performance of this concept versus load requirements 

are compared in Section 3.3.3 to the Morphing Structure concept. Figure 59 below shows the 

Morphing Shoulder cross-section before and after morphing at a radial offset of 0.5436 m. 

 

Figure 59: 16.7 m Morphing Shoulder cross-section at 0.5436 m radial offset 

 

 

Radial displacement
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To generate a smooth aeroshell shape, it is assumed that the deformation smoothly 

transitions from the maximum deformed cross-section in the center of the morphed section to the 

nominal shape of the HIAD in a 120° section. The smooth generated aeroshell shapes are shown 

in Figure 60 below. 

 

Figure 60: 16.7 m Morphing Shoulder smooth aeroshell 

Aerodynamic calculations are performed using the Modified Newtonian Impact Theory. 

The center of mass is chosen by assuming xcm/d = 0.35 and ycm=zcm = 0, where d is the outer 

diameter of the HIAD. For a radial deflection of 0.4926 m, a lift to drag ratio of L/D = 0.11 was 

achieved with a trim angle of attack of -7.4°. For this configuration, the maximum center motor 

load is 1.2324 kN, and the total motor load is 5.1257 kN.  

The total motor load and the radial displacement versus the L/D at the vehicleôs trim 

angle of attack are shown in Figure 61, respectively. Results show a near linear relationship 

between the radial deflection of the HIAD and the L/D it produces, which is beneficial for 

control purposes. 

 

Tapered section

Nominal section

Maximum deformation

Minimum deformation
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Figure 61: 16.7 m Morphing Shoulder a) total motor load and b) radial displacement vs. L/D at 

trim angle of attack 

Figure 62 below illustrates the changing shape of the HIAD due to morphing for the 

purposes of trajectory control. Additionally, Table 11 below summarizes the structural and 

aerodynamic properties of the HIAD at each step in radial displacement. 

 

Figure 62: 16.7 m HIAD Morphing Shoulder morphing incremental steps 

 
a) b)

 

Morphing Incremental Steps
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Table 11: 16.7 m HIAD Morphing Shoulder structural and aerodynamic results summary 

 

The morphing system is designed in this section to achieve ±0.11 L/D. In this design, a 

center of mass (CM) offset is implemented to bias the LD +0.05 for an overall range of -0.06 to 

+0.16 L/D. A study is performed to determine the exact CM offset to achieve this bias in L/D. 

Results have found that to produce a bias of +0.05 L/D in this configuration, a CM offset of 

approximately 10.2 cm is required along the planar morphing symmetric axis. Figure 63 below 

shows the CM offset coordinate in the Morphing Shoulder cross-section as shown to be biased in 

the direction opposite of the morphing sector. Additionally, the biased L/D at the vehicleôs trim 

angle of attack versus the morphed radial displacement with a CM offset is shown in Figure 64. 

 

Figure 63: CM offset coordinate in Morphing Shoulder cross-section 

Radial 

displacement [m] 

Total motor 

load [N] 

Trim angle of 

attack [deg] 

L/D at trim 

angle of attack 

Coefficient 

of lift (C L) 

Coefficient 

of drag (CD) 

Projected 

Area (Ap) [m2] 

0.0000 0.0000 0.0 0.0000 0.0000 1.4988 192.4579 

0.0249 0.4061 -0.1 0.0019 0.0028 1.4997 192.1982 

0.0746 0.9598 -0.7 0.0109 0.0164 1.5000 191.6042 

0.1409 1.3457 -1.6 0.0245 0.0368 1.4983 190.8349 

0.2023 1.7946 -2.2 0.0346 0.0519 1.4981 190.0088 

0.2650 2.2150 -3.3 0.0507 0.0757 1.4943 189.0640 

0.3414 2.8652 -4.5 0.0682 0.1016 1.4888 187.8919 

0.4358 4.2407 -6.3 0.0946 0.1397 1.4771 186.2229 

0.5436 5.9187 -8.4 0.1238 0.1806 1.4586 184.3333 

 

 

CM offset coordinate
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Figure 64: Adding CM offset to Morphing Shoulder to obtain a +005 bias in L/D 

3.3.3. Morphing Structure  analysis 

In this section, the previous analysis using the Morphing Shoulder is modified by 

increasing to pressure of the shoulder torus to the pressure of the remaining tori such that the 

tori-stack is equally pressured to 103 kPa. While the previous analysis showed that the shoulder 

torus deformed maximally to produce an increase in the lift to drag ratio, this concept will 

distribute the loading and deflection to the entire tori-stack to decrease the morphing demands 

from the shoulder. Load application details are also shown for this concept, followed by 

structural and aerodynamic results. 

3.3.3.1. Morphing Structure  structural development 

The model analyzed in this section corresponds to the exact configuration used in the 

previous Morphing Shoulder analysis, as shown in Section 3.3.2, and this section will be referred 

to for conciseness. However, during the first step, the internal inflation is pressured in each torus 

to 103 kPa, instead of inflating the shoulder torus to 10.3 kPa. 
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3.3.3.2. Morphing Structure  structural results 

ABAQUS Explicit Analysis is performed to pull on the 24 straps to deform the HIAD 

enough to achieve a L/D of ±0.11. The HIAD cross-sections at the end of each analysis step are 

shown in Figure 65 below. 

 

Figure 65: 16.7 m HIAD Morphing Structure cross-sections due to morphing 

The results show a much smoother deflection of the tori-stack, easily achieving the 

desired amount of radial deflection. Furthermore, the shoulder torus remains in more of a circular 

shape than the previous analysis. The revolved HIAD deformed shape with a color contour plot 

of deflection is shown in Figure 66 below. It is also important to note that when relieving the 

load, the HIAD returns to its aerodynamically loaded shape. 

 

Figure 66: 16.7 m HIAD Morphing Structure deformed shape 

The individual motor load of all 24 motors is shown in Figure 67 below as a function of 

the radial displacement of the HIAD. These results show that the loading is more evenly 

 
Step 1: Inflation Step 2: Aero Loading Step 3: Morphing 

 
































































































































































































































































































