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Fig. 2. A segmented leg model. The angles θ1 and θ2 in a) dictate the maximum deformation of the leg. In this example the angles are chosen such that
in one orientation a wheel configuration is obtained b),c) and a half-circle leg is obtained in the opposite configuration e),f). In d) the internal mechanism
of the first leg segment is shown: tendons run inside the full length of the leg and are fixed at the last leg element. The tendons are driven by the limb
axle.

locomotion (control design is far less challenging than in the

legged case) the research efforts are put on the perception

side. We believe that this is a temporary solution for the

search and rescue field, and that novel leg-wheel devices

should be explored that can keep the number of actuators low

and the control design simple, as in the case of the design

we propose. The agility of tracked vehicles is nowhere near

that of animals like a squirrel or a primate and its power

efficiency is less than wheeled vehicles.

The contributions of the paper are as follows: i) in Section

II we introduce a new type of deformable leg based on the

half-circle design of the RHex robot [4] that can morph from

a leg to a wheel and vice versa using a single actuator; ii)

in Section III we propose a deformation sensor for this leg

based on an optical fiber.

II. MECHANICAL DESIGN

Our aim is to develop a modular and simple mechanical

design that allows achieving various leg configurations that

can be of use in search and rescue missions. The main criteria

chosen for the design are the following:

1) The limb should be driven by a single rotational

actuator.

2) It should morph into relevant geometries that can

be used for optimal energy consumption, climbing high

obstacles, and swim.

3) The geometry of the deformed limb should be actively

sensed for control purposes.

4) The limb should be easily mounted in standard wheeled

and tracked robotic platforms.

5) The limb should be durable and robust to high impacts.

Following these criteria we have created a segmented leg

model presented in Figure 2. In Figure 2.a the base module

is illustrated. It consists of a solid element with edge angles

and top and bottom curvatures. In these examples we have

chosen the parameters such that when assembled with the

bottom angled faces touching each other the limb assumes

the geometry of a wheel, Figures 2.b and c; and when
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tendons directly into the limb axle and crossing the tendons

inside the leg element to change their direction of pulling,

avoiding this way the need for second axle. We found,

however, this approach to be more complex to implement in

practice. The large arrows in Figure 2.d represent the relative

motions of the movable elements in the flexible leg. Once

the deformation is complete and the tendons are in tension

then the entire leg rotates together with the leg axle. The

attached video illustrates the functioning of the flexible leg.

The current implementation uses two gears inside the first

leg element. This means that the tendons are “back drivable”,

i.e. by interacting with the leg one can change its geometry.

A side effect of this solution is that the leg can change its

geometry due to gravity when it is on its top swing position:

if the leg falls faster than the rotation of the axle, then the

tendons move resulting in a deformation of the geometry.

One solution to this problem is by replacing the two gears

inside the first element of the leg with a worm gear such that

the tendons are not back drivable anymore. In this situation,

however, we predict that it is more difficult to achieve a

flipper behavior for swimming.

The prototype deformable leg illustrated in Figure 3.d

functions as expected, achieving two different configurations

when the motor axle is rotated on the right or left orientation.

It is however not strong enough to withstand the impacts that

the legs of RHex traditionally experience when walking on

rough terrain. The critical points of the design are the joints

of the leg segments and the play of the tendons. Although

we have used Dyneema cable for the tendons (known to

be a very stiff cable) the 3D printed leg segments are soft

and deform under the high tension of the tendons. This

poses some challenges to the construction of robust flexible

legs. We believe, however, that through novel monolithic

designs where all the components are embedded in a polymer

with different levels of compliance, fabricated using shape

deposition manufacturing (see e.g. [22]), one can construct

robust legs that follow the design proposed here.

III. LEG DEFORMATION SENSING

To measure the deformation of the limb in real-time

we have fitted the leg with an optical fiber coated with a

fiber Bragg grating (FBG) [23]. The fiber utilized in this

prototype has 6 sensors, each with a different grating that

reflects the incoming laser at different frequencies. When

the fiber is stretched or compressed a shift on the spectral

response is visible. Since stretching the fiber results in more

reliable readings, the fiber is mounted in the middle of

the leg on the top and bottom of a thin flat deformable

element. This improves the measurement accuracy of the

deformations in both directions. The path of the fiber is

the following (see Figure 3.a)): It starts in the optical fiber

rotational element (to allow the leg to rotate indefinitely

without damaging the fiber), next it goes through the leg

shaft. Then, when it reaches the outside of the shaft, the

fiber is routed back to the inside of the leg. A curved routing

is needed since the fiber has a maximum bending radius

of 1 cm. Next, the fiber runs to the end of the leg, circles
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Fig. 4. Input data from the deminsys sensor. The output of the linear CCD
is displayed on top in time. The bottom displays the relevant signals that
are used for the deformation estimation.
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Fig. 5. Unfiltered leg angles measured via ground truth video processing.

inside a cavity in the last leg element and returns back to

the first leg element. The fiber is terminated inside the first

leg element. By creating this “round trip” path inside the

leg, deformations in both directions are accurately measured.

In effect this results in 3 deformation sensors which are

sufficient for qualitative measures of deformation. Note that

in our design the fiber is routed on a hollow shaft that is

different from the motor shaft. Since there exists motors with

hollow shafts, it is possible to route the fiber inside them,

simplifying the overall design, at the cost of more specialized

motors. Finally, a fiber is connected to the back side of

the optical fiber rotational element and to the interferometer

sensor (Technobis deminsys), illustrated in Figure 3.d). The

interferometer sensor consists of a 256 pixel linear CCD that
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Fig. 7. Fitting results for the validation data using local linear regression,
a neural network and a parameterized neural network.

samples the spectrum of the reflected laser at 16 bits per pixel

at a rate of up to 20KHz. Figure 4-top illustrates the output of

a section of the linear CCD in time when the leg is deformed.

This figure shows the spectrum peaks that correspond to the

six gratings inside the fiber. When the leg is deformed the

peaks shift. The curves presented on the bottom of Figure 4

illustrate the signal readings encoded in 16 bit integers.

In order to predict the deformation of the leg using the

CCD information, we ran 8 experiments of 10 seconds each

where the leg is manually deformed in various configura-

tions. Markers were added to each segment of the legs and

these were tracked using video at 50Hz frame rate (see Figure

3.d)). The CCD sensor was sampled at 500Hz and later

resampled to 50Hz to match the video signal. We combined

the input from the CCD sensor and the output from the

ground truth video (Figure 5) to create a map relating the

CCD reading to the geometric deformation. We utilized two

supervised learning methods: local linear regression (LLR)

[24] and artificial neural networks (ANN).

LLR is a memory-based supervised learning method. Dur-

ing the learning phase samples are simply added to memory.

During the prediction phase a collection of nearest neighbors

to the queried sample is fitted with an affine function that

is used to predict the output of the query sample. For this

reason this method is called “lazy” learning in literature

[24]. In our system, for each sample measured we store

a vector [XT
j |Y

T
j ]T where Xj ∈ R

20 are 20 pixels from

the linear CCD of the interferometer sensor, and Yj ∈ R
10

are the measured 10 angles of the segmented leg. During

normal functioning (after learning) a sample x ∈ R
20 is

read from the interferometer sensor. Then, a number k of

nearest neighbors XN = [Xp . . . Xp+k] are extracted

from the memory and the predicted leg segment angles ŷ

are computed using the points XN and associated learned

outputs YN = [Yp . . . Yp+k] via the expression

ŷ = YN X̄T
N (X̄N X̄T

N )−1x,

with X̄N = [XT
N 1

T ]T and 1 a row of ones “1”. In our

approach we used k = 20. We only used 80% of all the

samples for learning.

We developed two different ANNs. The first uses as inputs

20 pixels from the linear CCD, and as outputs 10 angles

of the segmented leg, with 1 hidden layer. We used the

Matlab toolbox to learn the weights of the ANN using 80%

of the data for training. The second ANN has 4 outputs

that correspond to 4 coefficients of a Fourier expansion

that are sufficient to capture the most simple deformation

modes: a “C” shape and an “S” shape. We called this

the parameterized ANN. Figure 6 illustrates the prediction

capabilities of the ANN, parameterized ANN, and LLR for

the validation data (not used for learning) for a sample

of a single leg element. Figure 7 illustrates the predicted

leg deformations agains the measure leg geometry for 4

instances. From the results it is clear that the prediction is

not perfect but it can be used as a qualitative measure. We

obtained the following RMS errors for the data prediction:

Method RMS details

LLR 0.311 [rad] memory with 3200

samples, k=20

ANN 0.302 [rad] 20 inputs, 10 out-

puts, 1 hidden layer

Parameterized

ANN

0.088 [rad] 20 inputs, 4 outputs,

1 hidden layer

Although the parameterized ANN has the lowest RMS for

the validation data (predicting each individual segment angle

better), in practice the LLR does a better job at matching

“geometrically” the curvatures of the deformable leg. We

found this result to be counter intuitive, as we expected the

opposite. There is room for improvement on the prediction

by better training the methods. On the mechanical side, these

results can be improved if the grating on the fiber are made

with a larger frequency differences or if more gratings are

added to the fiber. Although the CCD sensor has 256 pixel,

only 20 are utilized in this prototype. Additionally, for high

deformations we observed that the spectrum peaks overlaps

which can cause ambiguity on the prediction.

IV. DISCUSSION AND CONCLUSIONS

We have presented a novel tendon-driven deformable leg-

wheel driven by a single actuator. Evaluating the desired

criteria for the leg design presented in the beginning of

Section II we can see that some of the items were achieved:
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1) Limb driven by a single actuator: we demonstrated that

with a single motor different geometries can be achieved. The

tendon based design generates the deformation of the leg.

Once the range of motion of the tendons is reached the leg is

fixed and moves as a whole. The design we present requires

a change of the direction of motion in order to switch limb

modalities. We acknowledge that this can cause problems is

situations where there are tight spaces and it is difficult to

turn on the spot to switch from e.g. a wheel to a leg. This

hurdle can be solved with more actuation, but violates our

original criteria.

2) Limb deforms into relevant geometries: our prototype

can achieve wheel and leg configurations (Figure 2.c), or

half-circle legs on both orientations (Figure 3), and it is able

to create a swimming pattern via a flexible fin structure (see

attached video media).

3) Limb deformation sensing: we have demonstrated defor-

mation sensing in real-time. The solution is at this moment

cumbersome due to the large size (and high cost) of the

optical fiber rotational element and the interferometer. There

are however a number of new developments in industry

attempting to reduce the size, weight and power consumption

of interferometer sensors. As these developments progress,

the current obstacles will fade away. We believe that the

embedding of grated fibers in robots with soft and compliant

elements can provide an excellent robust and small footprint

class of sensors for the future.

4) Limb easily mountable: due to the sensing apparatus, it

is not easy to mount the leg on a standard platform. If the

sensor is removed then this criteria is met.

5) Limb robust and durable: the prototype in its current

form is not sufficiently strong to be used in actual locomo-

tion. New developments are needed in the mechanical design

and choice of materials to achieve durability and robustness.

In this discussion we have left out the control aspect.

The prototype leg, due to its tendon operation, requires

novel control algorithms that can use the leg deformation

sensor in their advantage. If no leg sensing is used, then

calibration/observer design become an important element to

consider. We are currently developing controllers in simula-

tion for both cases.
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