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Torque Control Strategies for Snake Robots
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Abstract— We present three methods of achieving compliant
motion with a snake robot by controlling the torques exerted by
the joints of the robot. Two strategies command joint torques
based solely on the robot’s local curvature (i.e. joint angles). A
third strategy commands joint angles, velocities, and torques
based on the recorded feedback from the robot while executing
a previously defined motion under position control. The three
control strategies are implemented and compared on a snake
robot that includes series elastic actuation (SEA) and torque
sensing at each joint, and demonstrate compliant locomotion
that adapts automatically to the robot’s surrounding terrain.

I. INTRODUCTION

Snake robots, sometimes referred to as hyper-redundant
mechanisms [1], consist of actuated links chained together
in series. A snake robot’s many degrees of freedom give it
the potential to navigate a wide range of environments by
actively changing its overall shape. However, this same trait
makes snake robots difficult to control. Strategies to simplify
their control include undulating the robot’s joint angles
according to parameterized sine waves [2], [3], follow-the-
leader controllers [4], and central pattern generators [5].

A limitation of controlling a snake robot via joint angle
trajectories is that adapting the trajectories to an irregular
environment is difficult. Although our group has had some
success in creating adaptive and compliant controllers for
snake robots [6], we remain short of replicating the truly
versatile locomotion of biological snakes. We feel that this
is due in large part to the ability of biological mechanisms
to precisely control the forces of their muscles, whereas
in robots the precise control of actuator torques is often a
challenge. To this end, our group has designed and built the
Series Elastic Actuated Snake robot [7], shown in Fig. 1,
that has the ability to perform sensitive torque control of its
joints.

This work demonstrates that relatively simple controllers
applied to the torque of a snake robot’s joints, without any
other external sensing, can provide significant advantages
in overcoming irregular terrain. We outline and present the
results of two controllers where torques are commanded
based only on the local curvature of the robot. We also
present a third method where joint torques and velocities are
commanded based on the measured torques and velocities of
an existing position-controlled gait.

David Rollinson is a graduate student at the Robotics Institute, Carnegie
Mellon University, Pittsburgh, PA, 15213

Kalyan Vasudev Alwala is an undergraduate student in the Dept. of
Mechanical Engineering, Indian Institute of Technology Madras, Chennai,
TN, 600036

Nico Zevallos is an artist.

Howie Choset is a professor at the Robotics Institute, Carnegie Mellon
University, Pittsburgh, PA, 15213

978-1-4799-6934-0/14/$31.00 ©2014 IEEE

Fig. 1: A photo of the Series Elastic Actuated Snake robot (SEA Snake).
Each module of the robot has series elastic actuation that enables compliant
motion and torque sensing.

II. RELATED WORK

There is significant prior work in controlling snake robots.
Hirose’s Active Cord Mechanism (ACM) and the formulation
of the serpenoid curve [4] established the concept of con-
trolling a snake robot in terms of its backbone curvature and
seeking to adapt the robot’s shape to its surrounding terrain.
Since then recent work in adaptive locomotion for snake
robots involves either adjusting the robot’s shape based on
feedback from tactile sensors [8] or assuming full knowledge
of the robot’s configuration and the terrain [9], [10]. A
thorough survey of modeling and control strategies for snake
robots is presented in [11].

An alternative philosophy is to design controllers that
adapt to the terrain solely by controlling joint torques,
without explicitly sensing the robot’s contacts with the world.
Our latest snake robot (Fig. 1) consists of modules that each
contain a compact series elastic actuator (SEA) [12]. This
enables sensitive and stable torque control at each joint, while
maintaining the high torque capabilities of geared motors
[13]. This work takes the first step in exploiting these unique
capabilities to achieve real-world compliant locomotion of a
snake robot.

The roll-in-shape controller presented in Section III is an
extension of previous position-controlled motions [3], and
leverages properties of the ‘bellows model’ [14] configura-
tion of our snake robots. While the approach to deriving
low-impedance gaits in Section V is in its initial stages, it
is inspired by similar efforts to learn continuous trajectories
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Fig. 2: A visual representation of the roll-in-shape controller. The com-
manded torque 7 is commanded based on the local curvature x. The
commanded torque of the joint is the & or y component of total torque,
depending on how the joint is oriented in the robot.

from demonstration for humans and humanoid robotics [15],
[16]. The low-impedance sliding controller in Section IV
builds on the work of Date et al. [17] and others [18], who
demonstrate that a simple torque law based on the derivative
of the robot’s backbone curvature can propel a wheeled snake
over obstacles and through corridors. Kamegawa et al. [19]
further extended this approach in simulation for a robot with
torque controlled joints and tactile sensing.

III. COMPLIANT ROLL-IN-SHAPE

Perhaps the simplest torque-based behavior is one that
allows the robot to roll compliantly over the terrain. The
ability to roll around the backbone without changing the
overall shape is a property of having joints oriented in the
lateral and dorsal planes of the robot. Yamada and Hirose
discuss this configuration in detail in [14] and refer to the
corresponding convention of lateral and dorsal curvatures as
a bellows model. In particular, they note the relationship
between the lateral and dorsal curvatures of the robot
and , and the Frenet-Serret curvature x to be

K2 = /ii + ,%32/. (1)

Intuitively, equation (1) represents how the total local
curvature of the of the robot is expressed in terms of its
local lateral and dorsal curvatures. If we want to increase
or decrease the curvature, the ideal torque to command
would be aligned with the curvature. However, if we want
to rotate the curvature around the backbone, while changing
the curvature as little as possible, the ideal torque command
would be orthogonal to the curvature, as visually illustrated
in Fig. 2.

As a control law, this results in torques that are a 5 rotation
from the curvature,

To(s) = —vhy(s)

Ty(s) = Vky(8).
In (2), s is the position along the robot’s backbone, and v
is a scaling parameter that linearly maps curvature to torque

and serves as the torque gain of the controller. The sign of v
can be used to control whether the robot twists clockwise or

2

Fig. 3: Diagram of the axes of the snake robot, showing alignment of the
robot’s joints with the lateral and dorsal planes. The solid and dashed axes
indicate actual joints of the robot.

counterclockwise around its backbone shape. For our initial
work we hand-tuned this parameter, and used a value of v =
1.0 in the results presented in Section VI-A.

If the robot’s joints are evenly spaced along the backbone,
this controller can be equivalently written in terms of joint
angles, with the parameter v now scaling between joint
angles and torques,

Ta(s) = —vby(s)
Ty(8) = 10, (s).

On our snake robots, joints are alternately oriented in the
lateral and dorsal planes of the robot, as illustrated in Fig. 3.
Because of this, at a given joint we have either a measured
6, or §,, but not both. Since the control law (3) requires
knowledge of the joint angle orthogonal to the joint that
is being torque-controlled, we linearly interpolate the angle
based on the angles of adjacent joints. This interpolation
also has the effect of smoothing out the robot’s measured
curvature.

3)

IV. EMPIRICAL GAIT CONSTRUCTION

It could be argued that the reason our snake robots move
across the ground when executing a gait is less of a result
of its shape changes and more of a result of its torques that
are applied to cause those shape changes. Since position-
controlled gaits are cyclic, when designing them we tend to
exploit geometric regularity of the terrain, like flat ground
and cylindrical pipes. However with torque-controlled gaits
it may be possible that a similar force-based regularity exists
that can be exploited for gait design.

Our group, as well as others, have developed a wide range
of position-controlled gaits and motions [2], [3] that are
useful in the field. While we have had some success in
making these gaits adapt to the robot’s environment [6], in
general the tuning and control of various gaits for a wide
range environments is difficult. Therefore, we are interested
in methods that could endow our existing library of motions
with the low-impedance characteristics that might be enabled
by torque control, without starting gait development over
from scratch.

To generate low-impedance versions of our existing gaits,
we can execute a normal position-controlled gait on the SEA
Snake and record the robot’s feedback, including joint angles,
velocities, and torques. By executing the gait on the nominal
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terrain for which the gait was designed (e.g. level ground),
we hope to find cyclic velocities and torques that correspond
to ‘nominal’ locomotion. By playing back these positions,
velocities, and torques as reference trajectories, and closing
the loop primarily on the torques and velocities, we should
expect to get a gait that closely mimics the original position-
controlled gait on the original terrain and at the same time
is more compliant to variations and obstacles.

V. LOW-IMPEDANCE SLIDING

Biological snakes slide through their environment
smoothly by pushing off of obstacles. Snake robots have
typically achieved similar motions through the use of follow-
the-leader joint angle control schemes, often using passive
wheels to create an ideal contact with the world [4]. However,
when the robot needs to negotiate obstacles or navigate
through corridors, these methods can perform poorly. To
address these issues, Date [17] proposed using a control
law based on the derivatives of local curvatures along the
backbone of the snake,

Tals) = Aid('{;;s))
(1, (s)) @
Ty(s) = )\#.

In (4), \ is a scaling parameter that maps curvature to torque.
This control law will tend to amplify the trends in curvature
in a direction along the snake’s backbone. The direction
of propagation depends on the sign of A. Intuitively, the
commanded torques will be largest at inflection points in
the curvature of the snake, as shown in Fig. 4.

As with the roll-in-shape controller, we can again express
the desired torques with respect to the robot’s joint angles.

, d(0x(5))
6 (s) = Wl2)) gis)) .

We also modify the control law slightly from (4), and
command torques proportional to the square-root of the
derivative curvature,

7o(s) = A sign(8,,(s)) \/10,.(s)]

, (6)
7y(s) = X sign(0,(s)) 1/|(9;J(s)\.

A

Fig. 4: A visual representation of low-impedance sliding. Torques are
commanded based on the derivative of the robot’s curvature along the
backbone. This has the effect of propagating curves in the robot along the
backbone, compliantly sliding around obstacles.
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Fig. 5: The control loops on the SEA Snake modules. Position and velocity
control loops generate desired torques, which are then combined with a
desired feed-forward torque and passed to an inner torque control loop. The
measured angle 6,,, velocity 0,,, and torque 7, are all measured directly
at the output of the module.

We found that using this square-root relationship, rather
than the linear torque relationship proposed by Date [17],
provided better locomotion in practice, as it better prop-
agates small curvatures and less aggressively propagates
large curvatures. The sign() function above returns 1 or —1,
depending on whether its arguments are positive or negative,
respectively. This is needed to properly handle square-roots
for negative values of 7,(s) and 7,(s). The derivatives are
determined by numerically differentiating and interpolating
between adjacent joint angles.

VI. IMPLEMENTATION

The series elastic actuator and low-level controller on each
module of our snake robot allows the simultaneous control
of desired angular positions, velocities and torques. This is
accomplished with a series of PID controllers (Fig. 5), with
the inner controller being a torque controller that tracks the
measured output torque of the module based on the module’s
sensed spring deflection. A more detailed description of the
robot’s control architecture can be found in [7].

A. Compliant Roll-In-Shape

To demonstrate the compliant roll-in-shape motion, the
robot was driven over various terrains, including people’s
limbs and bodies. To improve the performance of the robot
during rolling, two modifications were made to the control
law (3). The first is that the velocities of the joints were
damped by commanding a 0 velocity and setting a small
proportional gain on the velocity controller on each module.
This simulated viscous damping prevents the modules from
rolling too quickly when there is little to resist the robot’s
motion. The second is that the commanded torques were
tapered slightly (reduced by 1/3) at the head and tail.
This mitigates kinking at the head and tail of the robot,
particularly when rolling on flat ground.

A montage of the robot executing compliant roll-in-shape
is shown in Fig. 6. The robot easily conforms to the arms and
shoulders while rolling under its own power. Figure 7 shows
the corresponding commanded and feedback controls from
the 8th module, located in the middle of the robot. The top
figure shows the orthogonal relation between the commanded
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Fig. 6: A montage of the robot undergoing the compliant roll-in-shape motion. The robot actively rolls along while compliantly adapting its shape to match

its surroundings.
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Fig. 7: Commanded and feedback data from one of the robot’s doing the motions shown in Fig. 6. The top plot shows the relationship of the commanded
torque to the joint angle. The middle plot shows the commanded vs. measured torque output of the module. The bottom plot shows the module’s commanded

and measured velocity. Note that the robot’s cyclic rolling motion tends to
the commanded joint torques interacting with the surrounding terrain.

torque and the robot’s joint angle, indicated by the 7 phase
shift between the two, as well as the slight smoothing effect
from interpolating joint angles for the controller. The middle
plot shows the module’s tracking of commanded torque,
where the effect of the viscous damping due to a commanded
zero velocity can be observed.

B. Empirical Gait Construction

We demonstrated the empirical construction of low-
impedance gaits with the slithering gait [3]. This motion is
designed for flat ground, and is a modified version of sinus-
lifting [2] where the motion gradually tapers at the head of
the robot so that the camera image remains steady during
locomotion.

The gait was executed on the SEA snake and the feedback
from each of the robot’s modules was recorded at 100
Hz. Before using the feedback as a reference trajectory,
the torque and velocity trajectories for each module were

speed up and slow down over time, since the shape changes result solely from

smoothed with a forward-back rolling window (Matlab’s
smooth function) to remove high-frequency noise without
introducing lag into the trajectory. The gains on the module
controllers were set such that the position gains were much
lower compared to the velocity and torque gains.

During the execution of low-impedance slithering, the
robot was able to navigate an abrupt bend using only the
nominal feedforward motion, as shown in Fig. 8 and the
accompanying video. Figure 9 shows the feedback from
the 6th module in the robot as it negotiated the bend.
Note the significant deviation in the measured joint angle
away from the commanded trajectory, designed to move the
robot in a straight line. Instead of generating large torques
to maintain the commanded joint angle, the joint tracked
primarily the torque and velocity trajectories, enabling the
robot to accept the deformations and gradually return to its
reference trajectory afterwards.
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Fig. 8: A montage of the robot undergoing the a low-impedance slithering gait. The robot executes the gait cycle and progress forward, but can be easily
deformed form the nominal shape. This allows the robot to progress around a bend that would not have been possible with a standard position-controlled

gait.
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Fig. 9: Commanded and feedback data from robot’s 6th module for the above trial of low-impedance slithering. The robot primarily tracks the commanded
torque and velocity. This allows the joint angle to deviate significantly from its commanded value without introducing large torques or corrections. Unlike
compliant roll-in-shape, the cyclic motions of the commands remains steady throughout the trial, due to the feedforward gait controller.

Also of note in Fig. 9 (and Fig. 7) is the noise in the
velocity feedback from the snake robot. This is because
the joint’s velocity measurement is derived by numerically
differentiating the module’s absolute magnetic encoders. This
noise presents a practical upper limit on the gain that can be
set for tracking velocity, but for gain levels used for these
low-impedance controllers it is not problematic.

C. Low-Impedance Sliding

To initially demonstrate low-impedance sliding, the robot
progressed through a set of rounded obstacles in a corridor.
As with the roll-in-shape controller, the velocities of the
joints were damped, and commanded torques were tapered
slightly towards the head and tail. To decrease the coefficient
of friction and smooth out the robot’s shape, we covered the
body with nylon cable braid.

In order to initiate curvature to propagate down the back-
bone, the torque of first joint was oscillated with a fixed

frequency,

(N

This allowed for compliance similar to the rest of the
modules while propagating high amplitude waves through
the backbone curvature. Even with the implementation of this
simple controller, the robot was able to successfully negotiate
the obstacles in a surprisingly life-like manner, as shown in
Fig. 10 and the supporting video. Although this method of
blindly oscillating the torque of the head module is compliant
to the surrounding environment, it should be noted that it
is an extremely naive way of setting and propagating the
sliding motion. It often results in erratic behavior, like the
robot turning around at the end of Fig. 10.

In order to steer heading direction and the overall motion
of the robot, we can instead control the head module’s joint
angle,

Thead = A sin(wt).
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Ohead = Ag sin(wt) + €. (8)

In (8) Ay is the amplitude, € is offset and w is a fixed
frequency of oscillation. € is used to steer the head module
and thereby control the direction of the robot. Ay is used
to begin and sustain oscillations in the robot in the cases
of low backbone curvature as well as maintain some of the
open-loop controller’s ability to wriggle past obstacles.

This controller was tested in a random field of 5 cm (2 in)
peg obstacles, shown in Fig. 11. The parameters Ay and €
were controlled by an operator in real time using a joystick.
The resulting head joint angles and the values of Ay and
€ are shown in Fig. 12. Using this manual controller, we
inferred that the head angle offset, €, is by itself sufficient
to control the heading direction of the robot, but that some
baseline oscillation, Ag > 0, was needed to reliably propel
the robot forward. We have also intuitively inferred that Ay
and e together can be used to control the radius of turning
during locomotion.

VII. CONCLUSIONS AND FUTURE WORK

Torque control is a vital component to achieving adaptive
and compliant motions with any robot. For snake robots we
have presented three different torque control strategies that
have been implemented on a physical snake robot. With all
of the controllers, the robot was able to actively adapt to its
surrounding environment, even without tactile sensing or any
other form of exteroceptive sensing. With a simple manual
controller, we were able to intuitively steer the robot through
an irregular test environment. That said, this work is in a very
preliminary stage, and future work is continuing on all three
methods.

A. Compliant Roll-In-Shape

The controller presented in Section III depends solely on
the curvature of the robot along its backbone and serves as
a general starting point for creating more complex motions.
One interesting avenue of future work will involve tuning the
commanded torque based on the overall shape of the robot.
For example, a useful motion could be rolling along the
ground but being compliant to small obstacles like rocks and
gaps. The controller presented here tends to wrap the robot
around obstacles, rather than roll over them. One strategy
to address this issue could involve adjusting the desired
torques to allow tighter curvatures in one dimension and stiff
curvatures in an orthogonal dimension, based on the robot’s
overall shape [20]. Alternatively, the torques could also be
adjusted based on the estimated pose of the robot [21].

B. Empirical Gait Construction

We presented initial results in constructing a low-
impedance version of the slithering gait. Although limited,
this identical approach can be applied to other position-
controlled gaits or motions. Future work will involve general-
izing and parameterizing these new low-impedance motions,
so that they can be easily adjusted online, like traditional
position-controlled gaits the we currently use. To do this, we

intend to draw on existing work that has focused on learning
continuous trajectories and controllers from demonstration
for humans and humanoid robots [15], [16].

C. Low-Impedance Sliding

This control strategy is extremely interesting because it
seems to closely mimic the motions of biological snakes [22].
The simple controller presented in Section V works well in
confined spaces, but tends to perform poorly when the shape
is not well-constrained. One possible solution could be to
develop schemes that shift from executing the sliding motion
to executing feedforward gaits like those in Section IV, de-
pending on the presence of obstacles. Work is also underway
to incorporate other sensor data such as IMUs and encoders
to automatically adjust the head steering parameters. Finally,
we are working on combining the commanded torque (7)
and position (8) functions for steering the head module into
a unified function which controls the direction of the robot,
while at the same time allowing head of the robot to be
compliant.

The characteristics of the skin of the snake also play an
extremely important role during sliding motion [22]. We
are investigating other low-friction, or possibly directional-
friction, skins to aid in sliding over a wider range of surfaces.
If coupled with forms of active propulsion along the spine of
the robot, like tracks or small wheels, it is possible that this
sliding control strategy could provide exceptional mobility
over rough terrain.
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