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This paper summarizes the modeling, simulation, and testing work related to the 
development of technology to investigate the potential that shape memory actuation has to 
provide mechanically simple and affordable solutions for delivering assets to a surface and 
for sample capture and possible return to Earth. We investigate the structural dynamics and 
controllability aspects of an adaptive beam carrying an end-effector which, by changing 
equilibrium phases is able to actively decouple the end-effector dynamics from the 
spacecraft dynamics during the surface contact phase. Asset delivery and sample capture 
and return are at the heart of several emerging potential missions to small bodies, such as 
asteroids and comets, and to the surface of large bodies, such as Titan.  

Nomenclature  
 
c = specific heat of material 
EM , EA = elastic moduli of martensite and austenite, respectively. 
Eeff  = effective Young’s modulus of the SMA material.   
f  = contact force 
j = electric current 
xA, x+, x ϕ  = phase fractions 
p+A= transition probability from M+ phase to A phase 
q = physical displacements  
SV = surface area to volume ratio 
SA, SM , Seff  = effective electrical conductivity 
θ = material temperature 
θ0 = temperature of environment 
α = convection heat transfer coefficient 
αA, αM, αeff   = coefficient of thermal expansion (CTE) of the SMA material 
ε  =  mechanical strain, 
ε0 = maximum recoverable quasiplastic residual strain 
εt = phase transition strain within the SMA material 
ρ = material density 
ξ = instantaneous martensite volume fraction within the material 
σ  =  uni-axial stress 
vx, vy = components of velocity of spacecraft center of mass with respect to origin of asteroidal body 
vHS, vVS = surface components of velocity, at contact point, with respect to origin 
Ω = small body angular rate 
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vH1, vV1 = components of velocity, at hinge, with respect to origin 
vH2, vV2 = components of velocity of contact point, at end effector’s end, with respect to origin 
fx, fy = components of control force of spacecraft with respect to origin of asteroidal object 
τ =  spacecraft attitude control torque 
k, c = spring and damper coefficients of a visco-elastic link representing a compliant boom 
T, N = tangential and normal components of contact force, at contact point 
k0, c0 = spring and damper coefficients representing terrain compliance and viscosity. 
 

I. Introduction 
n this paper, we investigate the structural dynamics and controllability aspects of an adaptive beam carrying an 
end-effector which, by changing equilibrium phases, is able to actively decouple the end-effector dynamics from 

the spacecraft dynamics during the surface contact phase. Asset delivery and sample capture and return are at the 
heart of several emerging potential missions to small bodies, such as asteroids, and to the surface of large bodies, 
such as Titan. The objective of this research is to investigate the potential that shape memory actuation has to 
provide mechanically simple and affordable solutions for delivering assets to a surface and for sample capture and 
possible return.  

Shape memory materials (SMA) possess an interesting property by which the material remembers its original 
size or shape and reverts to it at a characteristic phase transformation temperature. By training an SMA wire to 
remember a given straight or curved shape when heated or cooled down to a given temperature, a long wire with low 
inherent bending stiffness may be ejected or unreeled from a spacecraft and then transformed into a long thin beam 
via a controlled material phase transition. Once the phase transition has been induced, the wire exhibits a bending 
stiffness that did not exist before, and the deployed appendage operates now as a stiff robotic arm. Figure 1 shows a 
conceptual view of how artificial manipulator tensioning would occur via an embedded SM wire, and a proposed 
sequence for sample capture phase. Conversely, when the phase transition reverses, the original state of string 
behavior dominated by axial tension is recovered and the appendage can be reeled back inside the spacecraft. The 
transition is almost perfectly reversible and, in principle, many cycles can be performed reliably, which would 
enable either deployment of an asset or retrieval of a collected sample. Shape memory phase transition behavior is 
tailorable, and compositions exist that have been tested at –99 degrees C and below. After plastic deformation at low 
temperature, the SMA returns to its original configuration upon the supply of heat. The material seems to remember 
its former shape, which gives the name to the effect. At a higher temperature, another important phenomenon can be 
observed. Here, the material can be reversibly deformed up to 10% of its original length under a nearly constant 
load—this behavior is termed superelasticity. Both effects are a consequence of the load-deformation behavior, 
which is called quasiplastic at low temperature and pseudoelastic at higher temperature. The underlying mechanism 
of the observed phenomena is a phase transformation between different crystallographic structures, i.e., different 
variants of the martensite and the austenite phases. A variety of asset deployment of sample capture scenarios would 
be possible that could potentially minimize the dynamic interactions with the spacecraft during the maneuver. For 
example, a minimum load of 20 N was shown to be required to be maintained on the end-effector for approximately 
2 seconds so that enough soil sample could be collected from an asteroid, which translated in an adverse reaction on 
the spacecraft and necessitated additional use of the thrusters to correct the attitude at the end of the maneuver. With 
the new concept, the stiffness of the end-effector arm can be actively modulated so that the back-reaction on the 
spacecraft can be greatly reduced. Since the rigidity of the link can now be tailored electrically to specific values, 
innovative scenarios involving different end-effectors can be envisioned that are highly repeatable, simpler in 
design, with lower mass, power, and cost.  

Consequently, we have synthesized the following problem statement: given the spacecraft, manipulator, and 
terrain models, develop an adaptive control logic and actuator location distribution for the manipulator stiffness that, 
in conjunction with the attitude and altitude control of the vehicle, decouples the dynamics of the spacecraft from the 
dynamics of the end-effector while collecting a sample, in a stable manner over a specified amount of time. The 
adaptive control law is such that the curvature of the manipulator can be modulated over the time the sample has to 
be collected.   

The paper approaches this complex problem sequentially. The first step is the static and dynamic 
characterization of the component behavior of a shape memory element. The second step is to investigate the 
system-level characteristics of the problem, in reference to the touch-and-go maneuver that would be necessary for 
sample collection. In each step, we have followed an analysis phase in conjunction with a testing phase. Hence, a 
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transition behavior under isothermal conditions2,4, or a Muller-Achenbach-Seelecke10 framework, where a transition 
state theory of non-equilibrium processes is used to derive rate laws for the evolution of material phase fractions.  
These models involve first-order, nonlinear ordinary differential equations and require few parameters that are 
readily identifiable from measurements, hence we have selected to use these differential models in our analysis (see 
Figure 2 for a simulation of pseudoelastic phase transition behavior).   

 

A. Muller-Achenbach-Seelecke10 Model 
 
The explicit stress-strain relationship can be derived as follows: 
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The maximum recoverable quasiplastic residual strain ε0 can be identified from experiment. The evolution of the 
phase fractions xA, x+, x- is governed by the rate laws: 
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where the homogeneity law 1Ax x x− ++ + =  holds. The quantities in the rates of the phase fractions are transition 

probabilities, for example, Ap+  is the transition probability from M+ phase to A phase. The transition probabilities 
are computed as the product of the probability of achieving the energy required to overcome the energy barrier and 
the frequency at which jumps are tempted.  SMA actuators are typically driven by electric current heating. The 
temperature change coupled with the mechanical loading triggers the phase transformation between martensite and 
austenite, and generates the material deformation. Assuming uniform temperature changes through the material, the 
heat transfer equation becomes: 
 

         4 4
0 0( ) ( ) ( ) ( ) ( )V R R M A M AcT S T T T T j t h h x h h xρ α σ ε + + − −= − − − − + − − − −     (3) 

 
where the specific heat c is assumed to be the same for the  austenite and martensite phases. The first term is the heat 
convection to the environment with temperature T0. The third term is the heat exchanged with the environment by 
radiation. The fourth term is the Joule heating. The last two terms represent the rate dependent heat generation and  
loss due to the phase transformation, where the h-terms represent the latent heats of transformation of each phase.  

The hysteretic constitutive model has been tested numerically under axial loading and thermal input in Matlab® 
and COMSOL®. The model combines the thermo-electromechanical elements of the SMA behavior in an integrated 
multi-physics simulation environment (electromagnetic, thermal, mechanical). Simulated pseudo-elastic behavior of 
SMA tested with the Muller-Achenbach-Seelecke model is shown in Figure 2. 
 

B. Dano-Hyer2,4 Model 
 
A simple, two-phase phase kinetics model was utilized to represent the material transition behavior of a shape 

memory alloy filament subject acting under a constant, static tensile load.  The phase kinetics model is adapted from 
one used by Dano and Hyer2, the thermodynamics of which were developed by Boyd and Lagoudas4.  The 
fundamental constitutive equation used for the SMA material element is a modified Hooke’s law 
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This transformation strain is defined as 
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  (5) 

 
The martensite volume fraction is itself a function of stress and temperature.  For transitions occurring under static 
loading, it may be solved for directly as a function of temperature using the modified Gibbs free energy relation 
 

  (6) 
 
This relationship is valid only in the transition temperature region between As<T<Af, for martensite to austenite 
transitions, and Mf<T<Ms for austenite to martensite transitions.  These transition temperatures are generally 
functions of stress within the material.  A graphical representation of martensite volume fraction as a function of 
stress and temperature is shown in Figure 3. 
 

 
Figure 2. Simulated Pseudo-elastic behavior of SMA tested with the Muller-Achenbach-Seelecke Model. 
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Figure 3. Schematic representation of the martensite to austenite transition surface for ξ, defined by Eq. 3.  
The martensite volume fraction, ξ, is a function of stress and temperature.   

 
 

These parameters, as well as effective electrical conductivity, Seff, used in the Joule heating calculations, are 
determined using simple rules-of-mixtures relations between the instantaneous martensite and austenite volume 
fractions within the material: 
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Designing a shape-memory alloy-actuated sample acquisition structure will require an analytical framework 

capable of modeling the interactions between thermo-elastic mechanics and the material phase transition behavior.  
For this effort, we have adopted the COMSOL Multiphysics3 computational analysis package for this purpose.  
COMSOL features discipline-specific physics modules that can be coupled, as needed, at the partial differential 
equation level.  For the simple SMA actuators examined here, the core physics and their primary interactions are 
modeled using the structural mechanics, heat transfer, and AC/DC modules.  To this analytical foundation, a simple 
two-phase material kinetics model was added.  A description of the complete model, developed for exploring the 
SMA analytical capability of COMSOL, is described below.  Correlation of analytical results with a series of simple 
experiments, designed to identify key material parameters for the SMA materials used throughout this study, are 
also presented.  Values for these and remaining SMA material constants used in Eq. 6 are given in Table I. 
 

III. Hardware Tests 
Proof-of-concept hardware was also developed and experiments were performed to demonstrate the 

fundamental aspects of various SMA deployable structures. These included the bonding of SMA wire to a 
conceptual STEM boom to demonstrate stiffening of the integrated system, and the Deployable Flexible Segment 
(DeFS) boom. Experimental testing and demonstration was conducted using optical diagnostics. These included the 
use of thermal imaging cameras to quantitatively measure the temperatures of the SMA and surrounding structure as 
well as digital video recorders to qualitatively measure changes in the shape of the proof-of-concept hardware.  The 
DeFS boom was mounted vertically to demonstrate the load conditions over the workspace for small body sampling 
applications.  Quantitative measurements of the shape of the hardware using photogrammetric and/or 
videogrammetric measurements have also been conducted. 
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Table I. Shape memory alloy material properties used for COMSOL analysis 

symbol value/expression description 
EA 41 [GPa] Young’s modulus, austenite phase 
EM 28 [GPa] Young’s modulus, martensite phase 
αA 11e-6 [1/K] CTE, austenite 
αM 6.6e-6 [1/K] CTE, martensite 
SA 1.2e6 [S/m] Electrical conductivity, austenite 
SM 1.3e6 [S/m] Electrical conductivity, martensite 
As 302 [K] Austenite transition, start temperature 
Af 307 [K] Austenite transition, finish temperature 
Ms 289 [K] Martensite transition, start temperature 
Mf 284 [K] Martensite transition, finish temperature 
ε0 0.047 [-] Maximum recoverable plastic strain 
ρ 6500 [kg/m3] SMA material density 
T0 293.15 [K] Material properties reference temperature 
CA 41.3e6 [Pa/K] Critical stress-temperature slope, M→A 
CM 12.4e6 [Pa/K] Critical stress-temperature slope, A→M 
 k 18 [W/m/K] SMA nominal thermal conductivity 
Cp 600 [J/kg/K] SMA nominal specific heat 
e 0.8 [-] SMA nominal surface emissivity 
h 150 [W/m2/K] Surface heat transfer coefficient, SMA→ambient 
∆a1 1/EM – 1/EA Martensite-austenite compliance difference 
∆a4 (M→A) -CAε0/ρ Specific entropy, M→A 
∆a4 (A→M) -CMε0/ρ Specific entropy, A→M 
∆α  αM – αA Martensite-austenite CTE difference 
b1 (M→A) -∆a4 (Af – As) Isotropic hardening parameter, M→A 
b1 (A→M) -∆a4 (Ms – Mf) Isotropic hardening parameter, A→M 
Y (M→A) ρ∆a4Af Latent heat of transformation, M→A 
Y (A→M) ρ∆a4Ms Latent heat of transformation, A→M 

 

C. 13 mils Diameter SMA Wire Results 
 

Figure 4 shows the 13 mils (0.3302 mm) diameter SMA wire setup. The setup consists of the SMA wire, 
Keyence laser head, FLIR thermo camera, Agilent DC power supply and dead weights. The SMA wire thickness 
measured 0.3175 mm (12.5 mils). The overall SMA wire length measured ~52.6 cm (20.7 in). The SMA wire was 
connected using alligator clips in series with the output of the Agilent DC power supply. The power supply was 
voltage controlled to insure a constant voltage potential along the length of the SMA wire. Several cases were 
performed at constant voltages of 5, 4.5, and 4 volts. As the power supply is switched on the SMA wire shrinks and 
the laser head shown underneath the dead weight records the deflection with respect to time. The total SMA wire 
shrinkage for a particular case study at 5 volts as illustrated in Figure 4 was 22.5 mm (0.885 in). For this particular 
case study the SMA wire pulled a combined weight of 1.14 kg (2.51 lbs). Also different case studies were performed 
using different dead weights. During each case study a FLIR thermo camera was used to capture the temperature 
gradient of the SMA wire. Figure 8 shows a snap shot of the SMA wire seen by the FLIR thermo camera. The 
maximum temperature the SMA wire exhibited is around 71 Celsius (160 Fahrenheit). The FLIR camera and the 
Keyence laser head were synchronous to obtain the temperature versus deflection characteristic plot of the SMA 
wire.  
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Figure 4. Left: SMA demo setup. Right: Joule heating of SMA wire as seen through thermal imaging camera. 

 
1. SMA actuator configuration and COMSOL analysis description 

 
A simple geometry, shown in Figure 5, was used for investigating general SMA actuation behavior in COMSOL 

of the test setup depicted in Figure 4. COMSOL 3.5a’s pre-built Axial symmetry (2D) Thermal-Electric-Structural 
Interaction mode was used as the basis for the model.  The axial strain equations were modified to include the phase 
transition strain, as described in Eqs. (4-6). Material modulus and CTE, now functions of the martensite volume 
fraction, ξ, were determined using Eq. (7).  Joule heating of the element, radiative heat transfer, and simplified 
surface-to-ambient heat convection are represented in the couple model.  COMSOL is capable of more sophisticated 
convective heat transfer modeling, but for simplicity, these features were not exercised here.  The COMSOL 3.5a 
time-dependent segregated solver on default settings was used to solve the resulting coupled quasi-static, transient 
problem. 
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Figure 5. Simple SMA actuator geometry for COMSOL studies.  The actuator consists of a thin, cylindrical 
SMA element of length L0 under a constant static load, Pstat.  A fixed voltage, V0, is applied at one end to 
produce Joule heating of the SMA element. 

 
2. Model-Test correlation 

 
The COMSOL analysis and simple two-phase material model was able to qualitatively capture the stress and 

temperature dependent phase transition loop behavior after appropriate tuning of the SMA material parameters using 
test data.  Calculated martensite-to-austenite, and reverse, austenite-to-martensite transition loops for the test 
geometry are shown in Figure 6 as a function of two applied static loading cases. 
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Figure 6. COMSOL predicted displacement-temperature transition loop behavior versus static stress for the 
test SMA actuator geometry: L0 = 526 mm; d = 0.3175 mm.  Experimental temperatures were obtained using 
high-speed thermal imaging of the SMA element.  Displacement data was obtained using a laser displacement 
sensor.  Sampling interval for the data shown is 0.02 seconds. 

 
Future improvements in the analysis will incorporate a more sophisticated convective heat transfer model, which, 

although not present in space, will be important for correlation with laboratory test data.  Better tuning of the SMA 
thermal properties is also in order.  Finally, to be more generally useful, SMA phase transition behavior will need to 
be solved for non-static stress loadings, as would be the case in situations where an SMA filament is operating 
against a spring or elastic flexure, for example, with the Formation Flying Laboratory demonstration test article, 
described elsewhere in this paper. 
 

D. Pathfinder SMA Experiment Status 
 

A pathfinder experiment was also developed to validate and facilitate the development of the full-scale 
experiment shown in Figure 7. The pathfinder experiment consisted primarily of a strip of spring steel beam 1” 
wide, 0.012” thick, and 18” long. A wire of shape memory alloy (SMA) 0.0039” in diameter was attached to the 
spring steel beam with eyebolts.  The SMA wire was routed along the length of the spring steel beam. The beam was 
then cantilevered off a test fixture (Figure 8). Initial tension in the SMA wire was maintained using turnbuckles 
attached to the test fixture and each end of the wire, with accommodations made for electrically connecting the SMA 
wire to a pulsed power supply. The turnbuckles were only used to adjust the tension when the SMA wire was in the 
Martensite phase; the turnbuckles were not adjusted after the SMA wire was heated to the Austenite phase. 

The pulsed power supply consisted of a 0.074 Farad electrolytic capacitor charged to 48 V. When activated 
by a manual switch, the capacitor discharged through a 1 Ohm current limiting resistor and the SMA wire. The 
resulting joule heating of the SMA wire was sufficient to transition the SMA from the Martensite phase to the 
Austenite phase in less than one second.  The backside of the beam and test fixture was covered in retro-reflective 
optical targets to facilitate photogrammetric measurements of the shape of the beam (Figure 8). Photogrammetry is a 
measurement technique by which the three dimensional shape of an object is reconstructed from multiple 
photographs of the object taken from different camera locations and orientations. Under proper conditions 
photogrammetric measurement accuracy can exceed 1 part in 100,000.  
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Figure 7. Top: Spring steel beam with SMA wire cantilevered off test fixture. Bottom: Top-down view of the 
beam and SMA wire. 

 

 
Figure 8. Typical photographs used to measure the shape of the beam with the SMA wire in the Martensite 
(left) and Austensite (right) phases. 

 
 Preliminary photogrammetric measurements of the beam and test fixture were made when the SMA wire was in 
both the Martensite (cold) and Austensite (hot) phases. Optical targets on the beam yielded data on the three-
dimensional shape of the beam both before and after SMA actuation (figure 9). Optical targets on the test fixture 
yielded reference data and aided in camera calibration, which increased the overall accuracy of the photogrammetric 
measurements. Although the beam is seen to be slightly bent prior to SMA activation, the bending of the beam is 
markedly increased after SMA activation.  
 

 
Figure 9. Data from preliminary photogrammetric measurements of the pathfinder demonstrator; ‘o’ is when 
the SMA is cold, ‘•’ is when the SMA is hot. 
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Figure 12. Applied Force and Austenitic phase fraction of 1D reference case for step input. 

  
Figure 13. Temperature and stress results of 1D reference case for triangle input. 

 

  
Figure 14. Applied Force and Austenitic phase fraction results of 1D reference case for triangle input. 
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Figure 11 and 12 show the temperature, stress, applied force, and austenitic phase fraction results for the 

simulation with a step input. The temperature follows the step command, as well as the austenitic phase fraction, 
which transitions to martensite for the duration of the step. The stress-strain curve shows a few minor loops during 
the initial transient.  Figures 13 and 14 show the temperature, stress, applied force, and austenitic phase fraction 
results for the simulation with a triangular input. In this case, the stress-strain curve has time to develop a more 
hysteretic behavior during loading and unloading.  Figure 15 shows the results of the simulation with a sinusoidal 
input. In this case, the periodic forcing has a clear effect on temperature, phase fractions, and stress-strain. 
 

  

  
Figure 15. Results of 1D reference case for sinusoidal input. 

V. Prototype One-Dimensional Problem for Control during Contact 
 
Now that we have a model of the dynamics of the phase-transition behavior of a compliant one-dimensional 

member, let us investigate the control aspects by means of a more complex model.  
Consider the problem shown in Figure 16. It represents a prototype one-dimensional problem of a vehicle 

connected via a compliant member to a tip mass which is set to contact a compliant surface. In particular: 
- mass 1 represents the spacecraft, with coordinate x1, acted upon by an exogenous disturbance f1,  
- mass 2 the end effector, with coordinate x2, acted upon by an exogenous disturbance f2, 
- mass 0 is the ground (or asteroid),  
- {k1, c1} are the stiffness and damping parameters of the compliant appendage,  
- {k2, c2} are the stiffness and damping parameters of the compliant surface which is engaged during contact, 
- H is a mapping which gives the mass mc of collected material (depending on the type of end-effector) once 

the contact force magnitude Fc is known,  
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In closed-loop, we have: 
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where u1 and u2 are the control forces acting on masses 1 and 2.  The characteristics of the compliant member {k1, 
c1} are subject to adaptation during contact. Therefore, the proposed control laws u1 and u2 are as follows: 
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Consequently, in terms of the state vector X, the closed-loop equations become: 
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 (13) 
Where the modified (phase-transitioned) set {k1, c1} is: 
 

 1 1 1
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ϕ
ϕ

= +
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 (12) 

 
which indicates a system state transition matrix that depends on uncertain parameters during the contact phase. 
Closing a feedback loop under these conditions represents a challenging problem, and will be the subject of future 
work. 

Figure 17 shows the stress-strain curve and heat load results for the 1-D contact simulation with a 10 m long 
boom. For the same simulation, Figure 18 shows the triangular Joule heat applied and the material temperature. 
Figure 19 shows the contact load measured by the load cell, and the collected mass as a function of time. Figure 20 
shows the austenitic phase fraction and spacecraft angular rate as a function of time. One can see that, for the 
duration of the contact, the material does not entirely reach a 100% austenitic phase, and that the spacecraft angular 
rate remains limited to a very small value. 
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Figure 17. Results of 1D contact problem – 10 m long boom. Stress-strain curve and heat load. 

 

  
Figure 18. Results of 1D contact problem – 10 m long boom. Joule heat and material temperature. 

 

 
Figure 19. Results of 1D contact problem – 10 m long boom. Load cell measurement and collected mass. 
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Figure 20. Results of 1D contact problem – 10 m long boom. Austenitic phase fraction and spacecraft angular 
rate. 

 

VI. Dynamics simulation of touch-and-go scenario  
 

The next step in the analysis is the investigation of the system-level properties of the entire multibody 
system during contact and feedback loops on. Therefore, a multibody dynamics simulation of the system behavior of 
the entire vehicle during sample capture has been developed and tested.  The objective of the system model is to 
simulate the zero-gravity planar system-level behavior of the touch-and-go phase of a spacecraft with an attached 
end-effector at the tip of a long slender boom. The touch-and-go phase involves the end effector approaching a 
surface, establishing contact with it, and departing from it.  
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Figure 21. Block Diagram of Integrated Spacecraft/End Effector Dynamics. 

 
Figure 21 shows a block diagram of each element of the Integrated model of Spacecraft and End-Effector 

dynamics, which includes feedback loops to the spacecraft controller from the hinge states, the end effector states, 
and the amount of mass collected, assuming all these states are known. If not known, they can possibly be estimated. 
The reason for including these links is that sensing these states are all possibilities in a scenario where an algorithm 
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is needed to monitor the duration of the sample event (dwell time), and a change in each one of these states can be 
used as a trigger to terminate the event. For instance, monitoring the flow of collected mass via a photocell will 
signal that indeed exogenous matter has entered the spacecraft system, and the event “collect sample” can now be 
terminated. A change of relative attitude of the end effector or boom angle (or hinge angle) with respect to the 
spacecraft attitude (as measured with respect to the surface plane) will indicate that the end effector has indeed 
contacted the ground.  

 
3. Assumptions 

In this section, after reviewing the assumptions of the model, we summarize the assumptions used in deriving the 
equations of motion of the spacecraft with the multibody system connected to the end effector.  Figure 22 shows the 
geometry of the proposed two-dimensional model. Conceptually, a rigid spacecraft may be connected through a 
revolute (one-axis) joint to an axially compressible boom. The boom is also hinged to the sampler with another one 
degree of freedom joint. The end effector contacts the surface of the body for a specific duration of time (dwell 
time), during which the specific mechanics of the sampler device enables the material collection and transmits a 
horizontal and vertical force to the spacecraft-sampler system.  The contact force components are proportional to the 
horizontal and vertical components of the velocity of the end effector through the static and dynamic friction 
coefficients of the surface.  In Figure 22, x, y represent the components of position of spacecraft center of mass with 
respect to origin, θ is the spacecraft attitude angle, and ϕ is boom angle with respect to local vertical. To investigate 
the dynamic response of the testbed at the system level, a simulation study was carried out under the above 
assumptions. The simulation study provides an insight on the stability of the system during and after contact.   
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Figure 22. Model of geometry involved in dynamics of sample capture. 

 
We also introduce the contact kinematics variables as follows. The position vector of the surface contact point S, 

belonging to the terrain, in the inertial frame denoted by the vectrix FI, is rs. Similarly, the position vector of the 
surface contact point H2, belonging to the end effector, in the inertial frame denoted by the vectrix FI, is rH2. The 
contact normal vector is denoted by n. Therefore, we define the distance between the two approaching points as 

2n H SΦ = −r r n . The compressive load N can be derived from the contact area A and terrain characteristics 

(Young’s modulus E) as N Aσ= , where σ is the compressive stress and ε the compressive strain. Figure 23 (top) 

represents the actuated link subject to an axial tension T, where 0( )T k c= − − −    ,  
EAk =


 is the axial 
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spring constant, ( ), ,E E ξ θ=   is the actuated Young’s modulus, 
0

1ε = −



 is the axial strain, 

0

ε =





 is the 

axial strain rate, and ( ) 01
1/ 2 , , HHr r= = = −

� �  


. Also, ξ is one of the phases of the phase transition 

material, and θ is the temperature, related to the current i. For the austenite and martensite phases A is fixed, and E 
is adapted upon, depending on the length/stress. 
 
 

u

T Tk
H1 H2

                      

    
u0

C0 C0k0, c0H2 H0
T0  

Figure 23. (top) Basic adaptive link dynamics. (bottom) Basic terrain contact dynamics. 

 
Similarly, Figure 23 (bottom) represents the terrain spring subject to an axial tension T0, where 

[ ]0 0 0 0 0 0( ), ( )T C sign s C k s s c sµ= − = − − +  ,  0 0
0

E Ak
s

=  is the axial spring constant, 0E  is the terrain 

Young’s modulus, and ( ) 02
1/ 2 , , HHs ss s s s s r r

s
= = = −

�
� . Using the laws of Coulomb (or sliding) friction,  

given the compressive load N, and (dynamic) terrain friction coefficient µ, we can write that the tangential force is 
( )relNsign vτ µ= − . The distinction between sticking and sliding friction can be made at a later stage. This law 

goes in the block called Terrain Properties in Figure 21. Clearly, depending of the relative velocities at the contact 
point, the terrain characteristics, the duration of the event, and the specific features of the sample collection device, 
the normal force changes in time and this behavior should also be parameterized.  

Tables II, III and IV show a list of representative parameters that we have used for the simulation studies. Table 
II provides representative system mass and configuration properties (X and Y on floor, Z upwards). Table III gives 
representative sampler-terrain contact interaction parameters. Table IV gives representative flexible boom 
parameters. With these parameters, a parametric study has been conducted predicting spacecraft body rates, velocity 
and acceleration components as a function of: boom stiffness values (EI), contact forces, durations of contact, 
surface slopes, surface friction coefficients, and spacecraft horizontal and vertical component of approach velocity.   
 

Table V. Representative system mass and configuration properties (X and Y on floor, Z upwards). 

Property Value 
Bus Mass [kg] 374.35 
Bus moments of inertia about center of mass [kg m2]    34.7347   -0.5298   -0.0300 

   -0.5298   38.6601    0.8122 
   -0.0300    0.8122   53.6707 

Location of center of mass of Bus above ground [m] 0.291 
End-effector (BWS) mass [kg] 30 
Bus CM to Boom attachment offset (P) along X [m] [0.2:0.4] 
Bus CM to Boom attachment offset (P) along Z [m] [-0.2:0.2] 
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Table VI. Representative sampler-terrain contact interaction parameters. 

Property Value 
Range of vertical approach velocity [m/s] along X [0.1: 0.5] 
Range of horizontal approach velocity [m/s] along Y [-0.1:0.1] 
Contact spring stiffness coefficient [N/m] [1.0:2.0]e4 
Contact damper damping coefficient [Ns/m] [1e1:1e3] 
ACS control parameters Off  
Surface slope [0°:30°] 
Surface dynamic friction coefficient  [0.0:1.0] 
Duration of contact [s] [2.0:5.0] 
Contact force [N] [20:30] 
SC ascent thrust applied after contact [N] 100 
Force sensed by load cell to trigger ascent thruster [N] 5 

 

Table VII. Representative flexible boom parameters. 

Property Value 
Mass per unit length [kg/m] [0.2:0.5] 
Length [m] [3:1000] 
Boom material Aluminum 
Young’s modulus [N/m2] 70e9  
Bending strength EI [N m2] [100:800] 
Structural damping ratio (% of critical) 0.2  

 
 

4. Numerical results of simulation with fixed configuration and material properties (with phase-transition model 
disabled) 

 
Initially, we conducted preliminary simulation studies without including the SMA model described elsewhere in 

this paper. The results of these studies with fixed geometry and material properties were intended to provide insight 
into the large scale behavior of the system before, during, and after contact, in open-loop.  The modeling of the high-
fidelity open-loop system was carried out in the Rover Analysis, Modeling and Simulation (ROAMS)12-13. ROAMS 
is a high-fidelity rover simulation environment based on (a) detailed physics based models of the rover mechanical 
platform including its kinematics and dynamics, (b) its suite of actuators and sensors such as wheel and steering 
motors and encoders, inertial measurement units, sun sensors, cameras, and (c) models of the environment and the 
rover’s interactions with the environment. The system is modeled as three bodies, which are rigidly connected to 
each other. The first and third bodies in the system are treated as rigid bodies and model the spacecraft and sampling 
mechanism. The second body is treated as a flexible body and models the compliant boom that connects the 
sampling mechanism to the spacecraft. The flexibility of the boom is modeled using the floating frame formulation 
and retains the nonlinear coupling between the joint displacements and body based deformations. The kinematics 
and dynamics of the rigid and flexible bodies are modeled using the multibody Spatial Operator Algebra 
methodology and NASA award winning Dynamics and Real Time Simulation (DARTS) software within the 
ROAMS framework. The spacecraft retains all 6 degrees of freedom with the rotational degrees of freedom modeled 
using quaternions, although it primarily is constrained to move in a plane. The second body, i.e., the boom, is 
modeled using two admissible shape functions, resulting in two degrees of freedom. The system therefore has eight 
degrees of freedom. The shape functions used are (x/L)2 for the longitudinal degrees of freedom, and 1.5 (x/L)2 – 
0.5(x/L)2 for the transverse degrees of freedom, where L represents the reference length and x is the position of point 
of interest along the length of the boom. The boom is modeled using clamped-free boundary conditions. The 
SimScape terrain modeling toolkit13 within the ROAMS framework is used to model the terrain. A Digital Elevation 
Map (DEM) represents the terrain (including rocks). ROAMS parameterizes soil mechanics properties using density, 
internal friction angle and soil cohesion that can be customized to match certain soil types (clay, loose sand, mixed, 
etc.). The contact model in ROAMS assumes point-plane contact. The terrain under the contact body is assumed to 
be locally planar and the contact forces are applied to a single point on the body. Two separate and independent non-
linear14 compliance systems are used to compute the contact forces including the normal force and in-plane tangent 
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forces. This contact model was used to model the interactions of the sampling mechanism with the terrain. The 
normal force is given by  a model such as FN = kN (δN)n + 3/2 αN δ’

N (δN )n, where FN is the force in the normal 
direction, kN is a spring constant, αN is a damping  constant, n is the non-linear deflection exponent, and δN is the 
deflection and αN is the rate or time derivative of the deflection. The tangential force is given by a model such as FT 
=kT δT +dT δT

’
, where kT is the spring coefficient, dT is the damping coefficients and δT is the 2D deflection in the 

tangent plane and δT’ is its time derivative15. During the initialization of the simulation, the spacecraft is setup 
above the terrain with specified initial velocity in the horizontal and vertical direction relative to the terrain. Gravity 
is set to zero. The speeds associated with the flexible body are set to zero. With this initial setup, the spacecraft 
approaches the terrain and makes contact with it. The resulting contact force on the sampling mechanism is 
monitored. When this force rises above a specified threshold, the vertical force is applied to the spacecraft to 
disengage the contact with the terrain. Due to the interaction with the terrain, the system feels contact forces which 
result in deformation of the flexible boom and attitude and translational motion in the spacecraft. The interaction 
with the terrain induces rotational motion of the spacecraft. The rotational motion and the contact forces are 
monitored during the simulation and studied by varying the approach velocity of the spacecraft both in horizontal 
and vertical direction. Several cases are simulated: 1) flat terrain; 2) 10 degree slope terrain; 3) Axial stiffness=1e4 
N/m, lateral stiffness=8e2 N/m (case 1); 4) Axial stiffness=5e3 N/m, lateral stiffness=4e2 N/m. 

Figure 24 shows the horizontal and vertical components of the contact force as a function of the approach 
vertical and lateral velocities for the flat terrain case, and case 1 stiffness.  Figure 25 shows the horizontal and 
vertical components of the spacecraft angular velocity as a function of the approach vertical and lateral velocities for 
case 1 stiffness and flat terrain. Figure 26 shows the horizontal and vertical components of the contact force as a 
function of the approach vertical and lateral velocities for the 10 degree slope terrain case, and case 1 stiffness.  
Figure 27 shows the horizontal and vertical components of the spacecraft angular velocity as a function of the 
approach vertical and lateral velocities for case 1 stiffness and 10 degree terrain slope. Figure 28 shows the 
horizontal and vertical components of the contact force as a function of the approach vertical and lateral velocities 
for the flat terrain case, and case 2 stiffness.  Figure 29 shows the horizontal and vertical components of the 
spacecraft angular velocity as a function of the approach vertical and lateral velocities for case 2 stiffness and flat 
terrain.  The general conclusions of the this parametric simulation study are that the contact loads and SC angular 
rates for terrain with slope are higher than those with flat terrain, and that lateral forces and lateral angular rates are 
larger for flat terrain but smaller bending stiffness (more compliant member). 
 

 
Figure 24. Lateral and vertical contact forces as a function of vertical and lateral approach velocities. Flat 
terrain case. Stiffness case 1. 
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Figure 25. Horizontal and vertical components of the spacecraft angular rate as a function of vertical and 

lateral approach velocities. Flat terrain case. Stiffness case 1. 

 
 

 
Figure 26. Lateral and vertical contact forces as a function of vertical and lateral approach velocities. 10 

degree terrain slope. Stiffness case 1. 

 



  

 
American Institute of Aeronautics and Astronautics 

 

23 

 
Figure 27. Horizontal and vertical components of the spacecraft angular rate as a function of vertical and 

lateral approach velocities. 10 degree terrain slope. Stiffness case 1. 

 
 

 
Figure 28. Lateral and vertical contact forces as a function of vertical and lateral approach velocities. Flat 

terrain case. Stiffness case 2. 
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Figure 29. Horizontal and vertical components of the spacecraft angular rate as a function of vertical and 

lateral approach velocities. Flat terrain case. Stiffness case 2. 

 
5. Numerical results of simulation with fixed configuration and variable material properties (with phase-transition 
model enabled) 

 
Lastly, we developed another simulation to characterize the behavior of the system with the phase-transition 

control loop closed. For these preliminary simulation studies, Figure 30 shows the initial geometry of the multibody 
system.  

Figure 31 shows the comparison of spacecraft body rate vs. time for the 4.5 m boom case with and without 
distributed control. Figure 32 shows the comparison of the spacecraft body rates during contact (indicated by the 
dotted box) for a 100 m long boom, indicating that there is little effect on the spacecraft attitude rates due to the 
boom stiffening when control is applied to implement the boom stiffening, since the rates remain well within 0.1 
deg/s. Figure 33 shows the comparison of the material stress-strain curve during contact for various lengths. Figure 
34 through Figure 38 shows boom temperature, stress vs. strain, mass collected during contact, load measured by the 
load cell, the spacecraft attitude control torque during the maneuver, and the austeninic phase of the boom material, 
which transitions from martensite to near full austenite during the touch-and-go maneuver, for the 100 m boom case.   
Figure 34 shows the temperature and stress-strain curve. Figure 35 shows the collected mass and load cell reading. 
Figure 36 shows the spacecraft angular rate and austenitic phase fraction. Figure 37 shows the distributed phase-
transition control torques along boom and attitude control torque at spacecraft. Figure 38 shows a comparison of the 
global shape of the 100 m boom configuration without (left) and with (right) distributed phase-transition control. 

The results of these analyses is good news, as it demonstrates that contact force modulation through distributed 
control of the boom elasticity causes weak dynamic coupling with the spacecraft, hence modulation of the sample 
collection dynamics by means of phase-transition control is feasible. 
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Figure 30. Snapshot of multibody dynamics simulation. 

 

 
Figure 31. Comparison of spacecraft body rate vs. time for the 4.5 m boom case with and without distributed 

control. 

 



  

 
American Institute of Aeronautics and Astronautics 

 

26 

 
Figure 32. Comparison of spacecraft body rate vs. time for the 100 m boom case with and without distributed 

control. 

 

 
Figure 33. Comparison of material stress-strain curve during contact for various lengths. 

VII. Preliminary Experimental System-Level Tests 
 

A plan for the test of the multibody dynamics of the system behavior of the entire vehicle during sample 
capture has been developed.  Similarly to the multibody analysis simulation, the objective of this system model test 
is to simulate the zero-gravity planar system-level behavior of the touch-and-go phase of a spacecraft with an 
attached end-effector at the tip of a long slender boom. The touch-and-go phase involves the end effector 
approaching a surface, establishing contact with it, and departing from it. A sketch of the elements of the testbed that 
is being used to test the system behavior is shown in Figure 39. 
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Figure 34. Results of system-level simulation run for 100 m boom length. Temperature and stress-strain 

curve. 

 

 
Figure 35. Results of system-level simulation run for 100 m boom length. Collected mass and load cell 

reading. 

 

 
Figure 36. Results of system-level simulation run for 100 m boom length. Spacecraft angular rate and 

austenitic phase fraction. 
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Figure 37. Results of system-level simulation run for 100 m boom length. Distributed phase-transition control 

torques along boom and attitude control torque at spacecraft. 

 
 

  
Figure 38. Comparison of global shape of 100 m boom length without (left) and with (right) distributed 

phase-transition control. 

 
 

The tests are being carried out in the Formation Control Testbed (FCT) at JPL. The Formation Control Testbed  
is a multi-robot, flight-like, system-level testbed for ground validation of formation guidance, estimation, and 
control architectures and algorithms, including autonomous rendezvous and formation infrastructure technologies 
such as communication protocols and formation sensors16 . The FCT currently consists of two robots with flight-like 
hardware and dynamics, a precision flat floor that the robots operate on, ceiling-mounted artificial stars for attitude 
sensing and navigation, and a ground control'' room for commanding the robots and receiving telemetry.  While 
originally conceived for formation-flying ground-demonstrations, the flight-like characteristics of the FCT robots 
are appropriate for demonstrating a SMA-controlled, small-body sample-gathering impact. A primary robot, part of 
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the flat floor, and an auxiliary robot are shown in Figure 39. Each of the two primary robots has a lower translational 
stage (TS) and an upper attitude stage (AS). The TS provides both translational and rotational degrees of freedom to 
the AS by means of (i) linear air bearings that float an entire robot on a cushion of air a few thousandths of an inch 
thick, (ii) a spherical air bearing in which a spherical surface on the bottom of the AS floats on a cushion of air 
generated in a pressurized cup at the top of the TS, and (iii) a telescoping vertical stage provides motion of the AS 
along the gravity direction in response to thruster commands.  Boom deployment will not be considered as the 
flexible manipulator (boom) is already deployed.  Sample retrieval and handling is also not a concern at this stage. 
The test will provide insight into the feasibility of having a slender flexible manipulator for touch-and-go sampling.  
We will collect time series data of system level response at low bandwidth (0.8 Hz) using videogrammetry (for 
boom deflections), and at high bandwidth (> 10 Hz, during the contact phase when we will measure the contact 
force) using accelerometers and the load cell. This data will be used to correlate the results with those obtained with 
the analytical multibody model of the system.  For the purpose of demonstrating a sample-gathering impact, only the 
planar characteristics of a primary FCT robot are relevant. The AS is not floated, resulting in a primary robot that 
behaves as a three degree-of-freedom spacecraft. An auxiliary robot, consisting of a single linear air bearing 
emulates the sample-gathering mechanism, with an SMA-boom connecting the two. The ratio of mass of the 
primary robot to the auxiliary robot is approximately 30:1. Prior to subsequent quantitative evaluation, we observed 
that the entire system, when floated with no friction, exhibits a ~0.5 Hz first mode consisting of attitude oscillations 
of the primary and auxiliary robots coupled with vibrations in the boom.  

 

 
 

Figure 39. Sketch of components of test to be done in space simulator. 

 

VIII. Conclusion 
In conclusion, in this study we have investigated the structural dynamics and controllability aspects of an adaptive 

beam carrying an end-effector which, changing equilibrium phases is able to actively decouple the end-effector 
dynamics from the spacecraft dynamics during the surface contact phase.  We have characterized the component 
level behavior via test and analysis and begun system level characterization. Component level characterization was 
achieved by analysis using two different phase transition constitutive models (Muller-Achenbach-Seelecke, and 
Dano-Hyer), and axial and bending tests of 1-D members involving thermal imaging and photo/videogrammetry. 
The experimental data was correlated with the results of the analytical model. System level multibody dynamic 
simulation includes a rigid spacecraft and end effector, and a flexible distributed boom which can be actuated during 
contact according to the phase-transition logic. System level experimental characterization includes a planar 
configuration of the system to eliminate gravity effects, with a robot SC and a hockey-puck on an air table, and an 
antagonistic pair of SMA wires to actuate the long beam during contact and to modulate the contact force in an 
adaptive manner. These experiments are currently being carried out in the Formation Control Testbed at JPL. 
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