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Abstract In this paper we present algorithms, devices, simulations,and experiments
concerning a robot that locomotes using novel compliant, sheet-based, shape mem-
ory alloy actuators. Specifically, we describe the theory and practical implemen-
tation of a provably correct algorithm capable of generating locomotion gaits in
closed-loop linkages. We implement this algorithm in a distributed fashion on the
HexRoller, a closed-chain robot with six low-stiffness actuators. We describe these
actuators in detail and characterize their performance along with that of the robot.

1 Introduction

We explore the design and control of robots with non-traditional mechanical prop-
erties such as high compliance whose motion is generated by programming their
shape, stiffness, friction, or torque, for example. In particular, we are interested in
affecting locomotion by changing the torque exerted by compliant joints in a closed-
chain robot such as that shown in Figure 1. Instead of using traditional motors which
are rigid and heavy, we employ compliant shape memory alloy (SMA) actuators to
serve as springs and exert torques. The innate compliance ofthese new SMA actu-
ators ensures the system is mechanically robust. When inactive, the joints deform
easily under light loads, but they can exert much larger torques when driven to their
active state. By controlling the torque exerted by the joints, we simplify the con-
trol of complex closed linkages. A key technical challenge is designing appropriate
actuators capable of this type of performance.

By applying torque to select joints of closed-chain robot with compliant joints,
we can shift the center of mass of the robot to induce net forward motion. Each
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step results in the robot’s connection to the ground switching toa new face. By
controlling the order in which we apply torque to the robot’sjoints, we show that a
distributed controller can achieve continuous locomotionby rolling.

Using soft actuators capable of exerting torque for motion generation has several
advantages over traditional motors. First, there is no needfor careful coordination
of the joints when executing parallel motions. Each joint can be controlled inde-
pendently in a decentralized manner. The robot will roll forward when conditions
on several joints are met, but these conditions do not have toinitially arise at the
same time. Second, there is no need to carefully tune controlparameters. Third,
our approach does not require precise constants as the robot’s locomotion response
can be characterized by a step function: below a certain torque threshold, the joint
is too weak to generate any useful motion; above the threshold any torque value
is sufficient (assuming we are operating on a horizontal plane). Finally, due to the
redundancy associated with many joints in a closed chain, the system should accom-
modate joint failures without affecting functionality.

Fig. 1 The HexRoller is a highly compliant robot constructed from six circuit boards joined by
SMA-driven flexible actuators. The robot is self-powered and completely autonomous.

In this paper we present algorithms, devices, and experimental results with a
robot that locomotes using our soft SMA actuators. Specifically, we describe the
theory and practical implementation of a generic algorithmfor generating locomo-
tion gaits in closed-loop linkages. This provably correct algorithm can be applied to
linkage robots with an arbitrary number of identical links connected by compliant
joints. We also present hardware for the HexRoller linkage robot shown in Figure 1
that can move using our locomotion algorithm. The key innovation associated with
the HexRoller is the novel actuator shown in Figure 6. It is light-weight but capable
of exerting non-trivial torques. We describe and characterize this actuator, and then
we implement a distributed version of the locomotion algorithm on the HexRoller.
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1.1 Related Work

Closed-chain robots initially grew out of the larger modular robotics field. Yim
developed one of the earliest examples of a rolling robot chain using his 2-DOF
Polypod modules [17]. Kamimura et al. [7] employed central pattern generators to
realize rolling locomotion gaits in the MTRAN system. Shen et al. have also sim-
ulated a loop of six SuperBot modules implementing efficientrollings gaits [13].
To date, Yim et al. [12] claim to have created one of the fastest modular rolling
robots by incorporating position feedback into a control loop driving a closed chain
of CKBot modules. In other work, Yim et al. [10] have rigorously analyzed what
types of elliptical shapes can produce rolling locomotion.Matsuda et al. [9] have
developed a rolling chain robot with variable stiffness joints. These joints employ a
leaf spring with variable hinge points to transmit force from a traditional motor to
the actuator. This method is commonly used to to make a traditional stiff actuator
present a lower mechanical impedance [11] at the mechanism’s output. However,
the underlying actuator is still rigid.

In our work, we consider soft mechanisms in which all constituent parts ex-
hibit low mechanical impedance. The actuator used is based on shape memory alloy
(SMA) sheets and a flexible support structure. Other authorshave proposed a num-
ber of ways to employ SMA (wire or sheet) as soft actuators. For example, SMA has
been used to actuate a number of different robotic devices: hands [3], a biped [6],
a micro-robotic fish [4], worms [8], and rollers [14]. However, the actuator that we
use displays features that are useful in our particular application. For instance, the
actuator is power-efficient and has an excellent strength toweight ratio [16] enabling
our entire system to carry its own battery on board.

2 Conceptual Algorithms

Our goal was to design a robust algorithm that leverages compliant joints in a closed-
loop linkage to simplify the sensing, planning, and computation required in order to
achieve locomotion through rolling. To simplify the initial design and analysis, we
focused on a closed, planar, chain-type linkage capable of rolling in a straight line.
All joints in the chain have some stiffness, and the algorithm can program each joint
to exert additional torque on its adjacent links. The algorithm relies on identifying
what we term thegrounded link, grounded joint, leading link, andleading joint as
shown in Figure 2. The grounded link is the link that is nearest the direction of
motion while still resting completely on the ground. Similarly, the grounded joint is
the joint connected to the grounded link nearest the direction of motion. The leading
link is the other edge, (the one not resting on the ground), connected to the grounded
joint. Finally, the leading joint is the other joint attached to the leading link.

The basic idea behind the algorithm is to shift the projection, (onto the ground),
of the center of gravity of the entire structure sufficientlyfar in the direction of mo-
tion that the structure changes on which links it is resting,in essence “falling” onto
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Fig. 2 With respect to the direction of motion, the grounded joint is the forward-most joint that is
still on the ground. It connects the grounded edge (behind) to the leading edge (in front). The other
joint attached to the leading edge is the leading joint.

the leading edge. To achieve this shift in the center of gravity, the algorithm makes
a choice based on the structure’s nominal stiffness and weight. We characterize the
stiffness of the structure as either “high” or “low” based onwhether the linkage
structure has two or more faces in contact with the ground. Ifthe structure has mul-
tiple faces in contact with the ground, (see Figure 3), it is deemed low stiffness as
the joints are not stiff enough to support the structure’s weight. If the structure is
stiff enough that only one face is in contact with the ground,(see Figure 4), it is a
high stiffness structure.

If the structure is low stiffness, the algorithm applies torque to the grounded joint,
shown in red in Figure 3. This creates an asymmetry about the vertical mid-line of
the structure. With enough torque, the leading linkage is drawn downward pulling
the other links in the structure forward. As the grounded joint applies more torque,
this asymmetry can be increased arbitrarily. This forward motion is aided by the fact
that, in practice, the joints have inherent mechanical limits. As the center of gravity
shifts forward, the leading joint and its complement cannotcollapse completely
forcing the other joints to reconfigure and the trailing linkage to lift from the ground.
As a result, the projection of the center of gravity will shift past the midpoint of the
grounded link, and the structure will come to rest on its leading edge.

CG CG CG

(a) (b) (c)

motion

Fig. 3 The low stiffness rolling sequence begins when the projected center of gravity is on the
far left side of the center line of the grounded link(a). As the grounded joint (red) is activated, the
projected center of gravity shifts past the center line (b) and comes to rest on the near side (c) as
the leading edge comes to rest on the ground.

In the case of a high stiffness structure, the algorithm mustactuate both the
grounded joint and the leading joint. As shown in Figure 4(a-c), if the algorithm
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only actuates the grounded joint (red), it will pull the leading edge down parallel to
the ground, and the projection of the center of gravity will asymptotically approach
the grounded joint. But, due to the equal stiffness of all other joints and the sym-
metric structure that results, the center of gravity will never pass over the grounded
joint. As shown in Figure 4(c), the structure has been effectively reduced to the low
stiffness case, (two edges in contact with the ground). Now,to initiate rolling, one
must actuate what was the leading joint (blue), to induce theasymmetry necessary
to shift the center of gravity past the grounded joint. In practice, the grounded and
leading joints can be actuated together to quicken the process.

CG CG CG

motion

(a) (b)

CG

(c) (d)

Fig. 4 For high stiffness structures, the rolling sequence can be decomposed into two steps. From
rest (a), the grounded joint (red) is actuated and the projection of the center of gravity shifts toward
it (b). Even when the stiffness of the grounded joint is infinitely large, the center of gravity will not
shift past the grounded joint (c). Only by also energizing the leading joint (blue) in frame (d) can
we induce the asymmetry needed to shift the center of gravitypast the red joint to induce rolling.

Once the structure has rolled, the applied torques are removed, and the process
may be repeated. The added torque necessary to induce rolling may be reduced in
even-sided structures by employingcomplementary joints. A joint’s complement is
the joint on the exact opposite side of the structure. In a hexagon whose joints are
numbered sequentially, the following are pairs of complementary joints: (1,3), (2,4)
and (3,6). By actuating the complementary joints in parallel with the primary joints,
one reduces the torque required of each joint. This arises from the symmetry of the
structure: where as the grounded and leading joints pull thestructure to one side,
their complementary joints push by the same amount.

3 Proof of Concept Simulations

Analytical descriptions of mechanical linkages have been well studied [5], but their
complexity as the number of linkages grows drives us to work with numerical sim-
ulations instead. Additionally, our system contains closed chains and highly non-
linear constraints such as hard joint limits that make the modeling problem particu-
larly intractable. We created a simulator based on Open Dynamics Engine (ODE) [2]
physics simulator to test our control algorithms. In addition to modeling the stiffness
of the joints, ODE models gravity and the mass of the links connecting the joints.
The simulator, through the use of configuration files, allowsus to control almost
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any aspect of the linkage being simulated. We can set the stiffness of the joints, their
damping constants, the mass of the faces of the closed-loop linkage, their size, and
the physical parameters of the joints, for example. Using the mouse while the simu-
lation is running, one can select specific joints to which he wants to apply additional
torque. This allows us to estimate, for a given model, how much torque the actuators
need to apply to induce locomotion.

For the purposes of this paper, we focused on simulating a 2D hexagon similar
to the HexRoller hardware. We correctly model its size, weight, and nominal joint
stiffness. The only major departure from the physical hardware is that the joints in
the simulation are not continuously deformable. In the simplest case, the joints in
the simulation are point hinges. Given that the joints in theHexRoller are 17.0mm
long and the links are only 30.0mm long, we were concerned that this was not an
accurate model, so we compared the point hinge case to modelswith two and three
sub-hinges per joint. (We would have liked to continue with higher dimensional
cases, but the simulator became unstable when trying to simulate four or more sub-
hinges per joint.) The results of our comparison are shown inTable 1. In each of
the three cases, the total weight of the structure and the length of the faces was un-
changed. In the two and three sub-hinge cases, the weight of the joints was placed in
the mechanical structures that connected the sub-hinges. In the point hinge case, the
weight of the joint was incorporated into the faces because the sub-hinge connectors
did not exist. The results do indicate that modeling the joint correctly is important.
As the simulated joint approaches a continuously flexible surface, the torque re-
quired to induce locomotion decreases. Given that we cannotsimulate more than
three sub-hinges, we expect the simulator to overestimate the required torques.

Table 1 The number of sub-hinges used to model the flexures found in the HexRollers joints ef-
fects how much torque the simulator predicts is required to induce locomotion if both the grounded
joint and its complement are actuated.

Number of Sub-hingesMin. Torque to Induce Rolling [mNm]

1 5.3
2 3.0
3 2.4

Using the simulator, we were able to verify the correctness of the above approach
to locomotion and estimate the torque requirements of each joint. The amount of
torque the joints must exert to roll the structure depends onthe nominal stiffness of
the joints. This is illustrated in Figure 5 which indicates there is an optimal nominal
stiffness (b) which minimizes the required joint torque. Below the optimal stiffness,
the required torque grows slowly. In this region, two or morefaces of the roller are
firmly planted on the ground. Above the optimal stiffness, the roller only rests on one
face, and the torque required for locomotion grows rapidly.The simulations were
performed with a simplified joint model comprised of a point hinge. As indicated in
Table 1, the actual torque required as the hinge begins to approximate a continuous
flexure will be lower.
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Fig. 5 The nominal stiffness of each joint in a closed-chain rolling robot affects the torque that
must be exerted by the joints in order to induce rolling. The different stiffness regimes (a,b,c)
marked in the graph correspond to the nominal stiffness scenarios shown on the right. In the optimal
regime, (b), the roller is just barely balancing on a single face. Note: we always applied torque
to two joints at a time: the grounded joint and its complementin the low stiffness case and the
grounded and leading joints in the high stiffness case.

4 Hardware: The HexRoller and its Actuators

In order to demonstrate the correct of our algorithms, we built the HexRoller, shown
in Figures 1 and 6. Each module of the chain is formed by a 30mm long, by 40mm
wide, PCB attached to a flexible shape memory alloy (SMA) actuator. The SMA
actuator attached to each PCB adds an additional 18mm to the length of the mod-
ule. Each module contains an Atmel microprocessor, SMA driver circuitry, a 2-axis
accelerometer, and a rechargeable lithium polymer batteryallowing the system to
operate completely autonomously.

The modules are light weight: the populated PCB, SMA driver heat sink, bat-
tery, and battery holder weigh 5.13g, 2.5g, 3.56g, and 0.35g, respectively. The SMA
actuators attached to each PCB weigh 2.36g. When fully assembled, the entire six-
module HexRoller weighs 89.7g. The design is completely modular allowing quick
replacement or the addition of extra modules. Any number of modules can be fit-
ted with a wireless transceiver [1] in order to communicate with a PC base station.
The modules communicate with their neighbors using a sharedtwo-wire bus that
is routed through a flex circuit running around the perimeterof the robot. The bus
operates as a multi-master system. The flex circuit also carries power lines between
the modules. While a battery is attached to each module, the entirety of the voltage
and current required by the SMA actuators cannot be suppliedby a single cell. As a
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Fig. 6 The HexRoller consists of six PCBs (a) that are electricallyconnected with a flexible circuit
(b) that carries communication signals and distributes thepower load among the six batteries (c).
Each module contains driver circuitry and a heat sink (d) to control an SMA actuator (e). The actu-
ators are composed of a laser-cut SMA sheet (f) mounted on rigid supports (g) that are embedded
in a flexible substrate (h). Each actuator is composed of 24 unit cells (i).

result, the batteries are wired into there parallel groups;each group containing two
batteries in series for a total net rating of 390mAh at 7.4V.

4.1 SMA Actuators

Alternatives to traditional actuators such as electromagnetic motors are needed in
applications where space and weight are limited. We have developed a family of
small, lightweight actuators [16, 15] based on Shape MemoryAlloy (SMA) sheets.
SMA is a material that recovers its original shape when heat is applied. In particular,
heat causes SMA to transition from its martensitic to austenitic phase. During this
phase change, the SMA exerts force in an effort to return to its annealed shape. If
a flat sheet of SMA is deformed, heating the sheet will cause itto flatten. Using
this principle, we designed an actuation unit cell that is labeled (i) in Figure 6.
In this design, the central crease of 180◦ and the peripheral creases of 90◦ will
all exert torques when the structure is heated. These torques tend to unbend the
SMA sheet. The smaller the radius of the bend, the greater thetorque that will be
exerted. By attaching this unit cell to a flexible substrate,(Figure 6h), we can redirect
this torque to produce a macroscopic folding motion. Changing the spacing of the
creases allows us to tailor the peak force, the bend angle at which the peak force is
exerted, and the total travel distance.
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To create a more versatile actuator, we combined many of these unit cells into
a larger structure. For the HexRoller, we built the actuatorshown in Figure 6e by
combining 24 units of a basic actuation cell (Figure 6i). Thecells are arranged in
four parallel columns of six cells each. Each section is divided by a support element
where the cells are attached to a rigid anchor bar that is embedded in the flexible
substrate. This composite support structure is produced through a 3D printing pro-
cess on an Objet Connex printer. The printer can manufacturethe entire assembly in
one pass, depositing both the rigid and flexible materials simultaneously. The flex-
ible material is 0.51mm thick. The 1.50mm-wide rigid support bars extend out of
the flexible material 1.65mm. The SMA piece is attached to thesupport bars with
0.5mm diameter screws or through sewing with #32 AWG copper wire.

Our design overcomes the traditional limitations present in actuators based on
SMA wires. In our design, the heat needed to activate the SMA is focused in a lo-
calized area. This is accomplished by laser cutting the flat SMA sheet with a specific
pattern that creates high resistance pathways. These high resistance areas are aligned
with the creases in the unit cells so that the creases heat up while the surrounding
material remains relatively cool. This is an important consideration given that the
SMA needs to reach 95◦C. By controlling the points of heat generation, we reduce
unnecessary heating, and the unheated areas can be used to mount the actuator. Ad-
ditionally, the SMA sheet is mounted in such a way that it is difficult to over-strain
the SMA material. In other applications, a strain exceeding5% can ruin the SMA’s
ability to return to its annealed shape when heated. By mounting our SMA actuator
on a flexible substrate that constraints its movement, we prevent damage from over-
strain. Finally, the total cross-sectional area of our sheet-based actuators is large,
allowing us to exert significant forces with a relatively small, lightweight device.
The actuator is 17.0mm long, 40.0mm wide, 2.85mm tall, and itweighs only 2.36g.
When the actuator is energized, it can exert 3.0mNm. A more detailed evaluation of
the torque generated by the actuator is presented in Section5

Each module drives its attached SMA actuator with a low noiselinear regulator.
While not optimally efficient, it generates little noise. Asa result, each module can
precisely monitor and control the current flowing through its SMA. By also measur-
ing the voltage dropped across the actuator, the module can determine the actuator’s
resistance. As shown in Section 5, the actuator’s resistance can be employed to con-
trol it more efficiently.

5 Experimental Results

We performed a number of experiments on the individual SMA actuators and the
HexRoller robot. These experiments characterize the electrical and mechanical re-
sponse of the actuators. The experiments with the HexRollerillustrate that the robot
operates as expected and is capable of achieving locomotionusing our actuators.
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5.1 SMA Actuators

In order to determine the electrical response of the actuator, we applied a constant
current and measured the voltage drop. In the first set of experiments, we applied
1.5A and recorded the resistance of the actuator as shown on the left in Figure 7.
When current is first applied, the resistance increases. This makes intuitive sense
given that there is typically a positive correlation between temperature and resis-
tance in metals. After additional heating, the SMA reaches its transition tempera-
ture, and as the SMA changes from its martensitic to austenitic phase, the resistance
drops approximately 10% in less than 100ms. We also measuredthe response time
of the actuator to other values of electrical current. Thesetimes are shown on the
right of Figure 7 where we observe the same drop in resistanceas the SMA reaches
its transition temperature. The intensity of the electrical current inversely affects the
time taken to reach the transition temperature.
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Fig. 7 The left sub-figure illustrates that when 1.5A is applied to acool actuator, the resistance of
the SMA increases steadily until the SMA’s transition temperature is reached. At this point, there
is a sudden 10% drop in the resistance as the SMA begins recover its annealed shape. In the right
sub-figure, the current applied to the SMA was swept from 1.0Ato 2.0A in order to determine the
response time of the SMA actuator as indicated by a change in its resistance.

We determined the torque response of the actuator using the setup shown in Fig-
ure 8. Instead of measuring the torque directly, we used a load cell, motion stage,
and accelerometer (to determine angleθ ), to calculate the torque exerted by the ac-
tuator. Unfortunately, we could not account for the SMA bending with nonuniform
curvature. Results from measuring the actuator’s torque when passive and energized
are shown in Figure 9.

As illustrated in the plots, the actuator behaves as a spring, exerting a torque that
is proportion to its deviation fromθ0, its rest angle. Using the unactuated data, we
compute thatθ0 = 60.4◦ where 0◦ corresponds to a flattened actuator, and positive
angles indicate that the flexible substrate is bending away from the SMA-side of the
actuator. When the actuator is energized, it exerts an additional torque of 0.94mNm.
The spring constant also changes when it is actuated, but theadditional force due
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Fig. 8 A load cell was used to estimate the torque exerted by the actuator through a lever arm of
lengthd as a function of the deformation angleθ . The actuator was anchored to a precision motion
table so thatθ could be varied. The other end of the actuator was anchored bya string to the load
cell on the right. In this setup, the SMA faces the load cell, and the indicatedθ is positive.
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Fig. 9 When the SMA actuator is off, it approximates a spring–the torque it exerts is proportional
to the angle through which it is bent. The actuator’s restingposition isθ = 60◦ (with the flexible
substrate curving away from side on which the SMA is attached). When the SMA actuator is
energized, its exerts an additional 0.9387mNm of torque, and the spring constant increases by
15%.
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to the new spring constant does not reach parity with the additional torque until the
actuator is deformed to−218◦, an impossibly large angle.

Having characterized the actuators, it is interesting to compare their torque out-
put with the prediction, made by the simulator, of the torquenecessary to achieve
rolling locomotion. The simulator predicts a torque of 2.4mNm is necessary to in-
duce rolling, through, as addressed in the discussion of Table 1 above, this estimate
is too high. Atθ0, the SMA actuators exert only 0.94mNm, but if one takes into ac-
count the increased spring constant of the energized actuators and the fact that they
operate aboutθ =−70◦, the actuators actually contribute 1.50mNm–a torque within
60% of the admittedly high prediction. Regardless of the simulator’s predictions and
the extrapolated stiffness curves, he HexRoller works as intended.

5.2 HexRoller

The initial test of the HexRoller was accomplished with an open-loop controller run-
ning on a PC wirelessly sending commands to one master modulefrom where they
were distributed to the other modules in the chain. The control program executing on
the PC is provided with the HexRoller’s initial position. From that, it produces a set
of commands at fixed intervals to energize the leading joint and its complementary
joint in the correct sequence as described in Section 2. The actuators are energized
for long enough time periods to ensure that there is sufficient time to roll from one
face to the next. There is no feedback to the controller, so ifthe HexRoller misses a
step, the subsequent commands will be incorrect until the controller resynchronizes
with the hardware. Using the open-loop controller, the HexRoller moved 30.48cm
in 22.67s for a speed of 1.3cm/s. The HexRoller rolled 7 timesduring this period,
or once roll every 3.23 seconds. One “step” is shown in Figure10.

5.3 Distributed Algorithm

We also implemented the closed-loop distributed algorithmshown in Algorithm 1
which is capable of controlling the HexRoller more efficiently than the open-loop
controller. The algorithm works using only the module’s orientation, and the ori-
entations of its two closest neighbors. Modules share theirorientation information
with their neighbors over the two-wire bus every time their orientation changes. The
control loop runs at 10Hz constantly checking the orientation of the module and its
two neighbors. As soon as the module detects that its actuator is positioned in the
grounded joint position or its complement, it energizes theactuator with 1.5A. The
actuator remains energized until the module detects that itis no longer the grounded
joint or its complement. As a result, as soon as the structurerolls onto the leading
face, the old grounded joint and its complement turn off and the new grounded joint
and its complement turn on. There is an additional safety feature built in to the al-
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t=0.000s t=0.367s t=1.133s

t=1.200s t=1.267s t=1.333s

Fig. 10 The critical section of one step of the open-loop rolling sequence takes 1.3s. This sequence
shows the most significant events starting from a reference point that we designated t=0.000s

gorithm that forces the SMA actuator off if it has been energized for more than 4
seconds. The actuator is allowed to cool for 10 seconds before it can be reactivated.
This ensures that the actuators do not overheat and destroy themselves.

Algorithm 1 The distributed locomotion algorithm energizes a module’sSMA ac-
tuator when the actuator is the grounded joint or its complement. Not shown in the
pseudocode is a timer that first monitors the length of the time the SMA has been on.
If this 4s timer expires before the SMA is turned off, a second, longer timer (10s) is
started. Unit the second timer expires, smaOn() statementsreturn with no effect.
1: procedure DISTRIBUTED LOCOMOTION

2: loop
3: ori← getOrientationFromAccel()
4: broadcast(ori)
5:
6: if (ori = (0±α)◦)&( f wdOri = (90±α)◦)&(backOri = (0±α◦)) then
7: smaOn()
8: else if (ori = (180±α)◦)&( f wdOri = (270±α)◦)&(backOri = (180±α◦)) then
9: smaOn()

10: else
11: smaOff()
12: end if
13: end loop
14: end procedure

Using the closed-loop distributed controller, the HexRoller moved 27.94cm in
9sec for a speed of 3.1cm/sec. The speed of the closed-loop distributed controller
is more than twice that of the open-loop centralized controller. We also tested the
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reliability of the distributed algorithm and hardware by allowing the HexRoller to
step until it failed. In five tests, the robot was able to take 32, 12, 16, 16, and 48
steps respectively. During all five runs, the robot only misstepped a total of 7 times,
each time recovering on its own. It should be noted that the 48step test was per-
formed immediately after charging the robot’s batteries. At the end of this test, the
performance degradation was noticeable. In part, we believe that the batteries were
depleted. Additionally, we suspect that after 48 steps, theaverage actuator temper-
ature has risen to a point where the actuators did not have time to adequately cool
between cycles. Finally, some of the failures of the robot can be attributed to the
inability of the processors to recover from certain types ofcollisions on the two
wire inter-processor bus. When these collisions occur, oneor more of the proces-
sors locks up and stops actuating its joint. In three of the cases were the HexRoller
stopped moving, one of the processor was later found to have locked. This could be
rectified by employing the processor’s watchdog timer.

6 Discussion

The HexRoller robot is still not as functional as we envisionthat it could be. First,
the HexRoller can only move in one dimension. In the future, we plan on connecting
two or three HexRollers at orthogonal angles to form a robot resembling a sphere.
Alternatively, we have considered arranging four HexRollers in a square, (the long
edges of their faces coincident and the faces at right-angles), to form a “QuadHex.”
Another possibility is to split the actuators along their longitudinal axes so that the
two sides may contract independently to generate curved trajectories.

The current instantiation of the HexRoller is not as efficient as it could be. The
linear regulator powering the SMA could be replaced with a switching topology.
Likewise, the resistance sensing capability could be employed as the input to a feed-
back loop that both speeds-up the SMA response and reduces the SMA power dissi-
pation to a steady-state level once the actuator has reachedits transition temperature.
The results of the simulations above also indicate that by increasing the stiffness of
the joints to an optimum value we could reduce the demands on the actuators.

Future work can also improve the control algorithms. The current advantage to
our approach is the simplicity, but we believe that improvements can be made with-
out sacrificing too much. For one, the update rate of the controller should be in-
creased so that the system responds more quickly to changes in orientation. Second,
the processors in the current distributed algorithm loose synchronization if they do
not detect their relative positions in the loop simultaneously. If one actuator is not
strong enough to roll the loop, it will waste power waiting for the other to turn on.

This paper also points to a number of important open problems. From a theo-
retical point of view, we need to rigorously model the complex physical interac-
tions between the SMA actuators in a closed chain. We would also like to develop
an algorithm that will generate locomotion gaits for arbitrary closed chain linkage
structures. While not complete, the work presented in this paper can be viewed as a
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small first step toward controlling machines with a non-traditional mechanical prop-
erties, such as low-stiffness actuators, which have many advantages over traditional,
high-stiffness alternatives composed of motors and gears.
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