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Abstract—
In recent years, wheel turning tasks have become of

interest in disaster response scenarios. Particularly valve-
turning and wheel steering for tasks in which a humanoid
drives a vehicle. Most research has focused in valve-turning
with dual arm motions to turn the valve as much and
as quickly as possible. Valve-turning compared to steer-
wheel turning consist of very different constraints due to the
task’s environment. Driving suffers from strong constraints
in mobility, reachability, and visibility, all the while turning
consists of accurate steering in sequences of various degrees,
directions, and speeds. In this work we study how effectively
the atlas humanoid robot can steer the driving wheel to
commanded angles within the hard constraints of the task. A
three step approach is suggested as part of the manipulation
scheme: (i) A user guided task-level assignment for limited
visibility to approximate the wheel plane; (ii) a discretization
of the wheel to generate inverse kinematic (IK) solutions
while constraining 4 DoFs; and (iii) a steering mechanism
to turn the wheel in the presence of minimal feedback.
Our results show that the approach effectively reaches com-
manded angles in the presence of hard constraints, with over
98.24% accuracy. This is a promising step as part of a greater
approach to automate the process of vehicle driving.

I. INTRODUCTION

In recent years, disaster response robots have gained
increased attention after the Fukushima Daiichi nuclear dis-
aster. In particular, the DARPA Robotics Challenge [1] has
brought a sharp focus to using robots to extend aid to disaster
victims including evacuation operations [2]. Two tasks in the
competition involve turning wheels. Opening a valve and
driving a vehicle. Though different, both tasks involve the
turning of a wheel, albeit with different task demands.

In the literature, it seems that more attention has been paid
to valve-turning than driving. This may be due to lower cost
and overall lower difficulty for the former task. Research
for valve-turning extends the competition however. In [3],
[4], research is conducted to understand how an autonomous
underwater vehicle can adapt its reach and valve turning
motion while underwater which faces many uncertainties
from water currents and inertial reactions from moving and
turning. The researchers used kinesthetic teaching paired
with dynamical systems to learn reach trajectories to the
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valve. In this work, valve turning was conducted from the
very center of the valve by a single arm in regular lab condi-
tions. In [5],[6], [7] the approaches are based on user guided
task-level commands to the robot, followed by a trajectory
generation and/or execution module. In these works, the
robot are able to move to optimize their starting location, they
are also able to use both arms simultaneously, and they have
an unrestricted field-of-view unto the task. These works are
focused on valve turning, and as such their main interest is
to be able to turn the valve as much as possible as quickly as
possible. In contrast, for the driving the context and focus are
different. Within the tight spacing of a vehicle, a robot will
suffer from limited mobility, reachability, and visibility; all
the while turning consists of accurate steering in sequences
of various degrees, directions, and speeds. Steering can also
be challenging if the desired angle is greater than the robot’s
reachability, requiring multiple steers.

In this work we study how effectively the Atlas humanoid
robot can steer the driving wheel to commanded angles
within the mobility, reachability, and visibility constraints
of the task. To this end, we propose a similar three step
approach as in previous works consisting of: (i) A user
guided task-level assignment that works under limited visibil-
ity via laser points to approximate the steering wheel (from
hereon referred as wheel) circular plane; (ii) a discretization
of the wheel into sampled angle steps that are converted into
6D poses, and for which inverse kinematic (IK) solutions
are sought while constraining 4 DoF; finally (iii) a steering
mechanism that consists of simple direct motions but also of
cross-over motions for turning angles that are beyond what
one arm can do in a single motion. Our results show that
the approach effectively reaches commanded angles in the
presence of hard constraints, with over 98.24% accuracy.
This is a promising step as part of a greater approach to
automate the process of vehicle driving.

II. TEST-BED

For this work, the Atlas Humanoid Robot designed by
Boston Dynamics for the 2015 DARPA Robotics Compe-
tition [1] was simulated using a Linux Ubuntu 12.04 OS,
ROS Hydro [8], DRCSim 4.2, and Gazebo 4 [9]; along with
a Polaris Ranger XP900 EPS Utility Vehicle [10].

The Atlas humanoid robot, in it’s 4th version, is a full
scale, approximately 188cm tall, hydraulically actuated robot
with 28 D0F (3 in the back, 1 in the neck, and 6 in
each limb), a CarnegieMultiSense SL, two specially mounted
Sandia Hands [11], two 6 DoF force-torque sensors at the
writs, an IMU located at the pelvis, and a large backpack on
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the back for power. The 4th edition of Atlas was the main
prototype used for the DRC Finals preparation and differs
from its predecessor by adding the power back pack. The
Carnegie Head provides high resolution stereo and two-axes
of laser scanting and video imagery [12]. The laser runs at
40Hz and has a field of view of 270 degrees. About 40,000
3D points are captured by the laser each second. The Sandia
hands consist of 4 fingers each with 3 DoF (lateral and
vertical motion at the knuckles, and bending between the
proximal and intermediate phalanges).

The XP900 vehicle was selected and retrofitted to snugly
fit a robot like Atlas. In the first two images of Fig. 5 one
can appreciate how the backpack is tightly pressed against
the (blue points) back seat as well as the near proximity of
the knees to the steering wheel, During the DRC Competition
the robot is expected to steer, accelerate, and brake the car
[1]. The maximum travel speed for the car is expected to
be 15km/h. Atlas can be visualized inside the car in Fig.
1. For simulation purposes, DRC and Gazebo work together

Fig. 1. Atlas visualized inside the XP900 Vehicle. The zoomed image
shows the vehicle’s front board.

to enable hacks that amongst other things allow Atlas to
be repositioned in the car. A right-handed world frame is
positioned at the robot’s middle torso joint. The default Atlas
position in the vehicle, aligns the robot’s pelvis with the
driver’s seat middle portion. We found the latter position
made it very difficult for Atlas to reach the majority of the
steering wheel, so we decided to move the robot 0.20m in the
+y-axis wrt to the world frame to improve Atlas’ reachability.

III. STEERING WHEEL VISUALIZATION AND
MANIPULATION APPROACH

The methodology to implement our steering algorithm
is organized as follows: (i) Identification of the constraints
imposed by the task’s context; (ii) Classification of steering
wheel manipulation motions; (iii) Visualization and approx-
imation of the steering wheel circular plane; (iv) Generation
of IK solutions and control scheme, and finally the (vi)
Steering of the actual Wheel.

A. Constraints

To better understand our current approach it is useful to
understand the task’s context. In a driving scenario, where a
robot is seated snugly within a vehicle, there are limitations

corresponding to space, mobility, reachability, and visibility.
Given the size of the robot, the latter fits tightly within the
car. The robot has little tolerance to adjust its starting position
in the driver’s seat, less than 20cm in the +y-axis wrt the
world, approximately. The space between the robot’s torso
and the wheel is tight, less than 40cm, depending on the
pose of the valve (the latter is not planar to the robot), the
shoulder-to-wrist distance, not counting the Sandia hand, is
61.2cm. The tight space, constraints possible arm motions
significantly and reduces the number of IK solutions avail-
able. Additionally, if we want to align the camera’s optical
lens axis with the wheel, the camera (or Atlas’ neck joint)
must be rotated to about 70 degrees. At that angle, the camera
view is occluded by a supporting beam used in the Carnegie
head. This beam so happens to occlude the better part of the
wheel rendering image processing implausible. This was not
a problem in the previous version of Atlas, however here,
with the addition of the new back pack, Atlas’ torso and
head are pushed closer to the wheel and render the field of
view steeper. In the current configuration the camera image
only manages to visualize the upper portion of the steering
wheel. Only the laser is able to visualize the full wheel.

B. Steering Wheel Manipulation Motions

Our steering wheel manipulation approach attempts stir-
ring through single arm motions around the rim of the
wheel through prehensile grasps of the multi-fingered Sandia
hand. The steering manipulation consists of two types of
manipulation motions for steering: (i) Direct and (i) Cross-
over motions. Such classification is empirically derived from
the way humans steer. Direct motions are those in which a
desired steer angle can be achieved without having to let go
off the wheel and retract the arm to continue the rotation,
such motions are used for commanded angles that are within
the reachability space of the arm. Cross-over motions on
the other hand, are used when the commanded angle cannot
be achieved with a Direct motion. After the arm steers and
reaches its reachability limit, it should let go off the wheel,
retract to a lower position on the wheel, and continue to steer.
Typically in a human scenario, two arms would be used.
When performing an Cross-over motion, the opposing hand
would be used to support the steering motion while the other
arm retracts and initiates a new round of steering. For our
particular scenario, a two-arm steering mode is not possible.
As per our reachability analysis, both of Atlas arms are
unable to simultaneously manipulate the wheel. Furthermore,
there is no manual transmission in the car, which facilitates
one-arm steering.

C. Steering Wheel Visualization and Approximation

Given that the steering manipulation strategy involves
grasping the rim of the wheel and rotating about it, it is
necessary to identify the rim surface around the wheel and
assign a starting zero location. We propose a simple laser-
based circle plane approximation that obtains limited input
from a user. The approach discretizes the wheel into a set of
angles per a sampling rate typically set to 0.01744 rad(or 1
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deg) and embeds pose (position and orientation) information
for each of those angles.

1) Circular Plane Computation: A circle is uniquely
determined when three points on a plane are selected. Pedoe
has presented a geometric construction for the circumcircle
of a triangle with three vertices (xi, yi) for i = 1, 2, 3 in two
dimensions [13]. The latter is shown in Eqtn 1:

x2 + y2 x y 1

x2
1 + y21 x1 y1 1

x2
2 + y22 x2 y2 1

x2
3 + y23 x3 y3 1

 = 0. (1)

The center and radius of the circle, can be identified by
assigning coefficients of a quadratic curve such as: ax2 +
cy2 + dx + ey + f = 0. In this case, a = c and b = 0
since there is no xy cross term, we thus factorize to get:
a(x + y)2 + dx + ey + f = 0. Then, we can complete the
squares of the quadratic curve to get:
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To compute the first term in the factorized quadratic equation
a(x+ y)2 can be computed by using determinants. That is,
the first term of the determinant of the matrix in Eqtn. 4
would be (x+ y)2 multiplied by the minor M11. Hence, we
can solve for by eliminating (x+ y)2 from:

a(x+ y)2 = (x+ y)2

∣∣∣∣∣∣∣
x1 y1 1

x2 y2 1

x3 y3 1

∣∣∣∣∣∣∣ . (4)

The rest of the factors d, f, g can be computed similarly.
We use this approach and extend it to three dimensions.
Practically, these points are selected through Rviz. In Rviz
there is a tool called “Selected Points” that allow a user
to click on points published on a topic of type sensor msgs-
LaserScan. The position of these points can then be retrieved
by using the PCL library [14]. Each point can be represented
as a geometry msgsPoint point, whose x, y, z values can be
extracted.

2) Pose Points Computation: Once the circular plane is
defined, we compute a series of points and their poses along
the rim. These points are computed according to a granularity
parameter for the angle. Angles could be computed every,
say, 1, 5, or 10 degrees, etc. By default, we use 1 degree
steps. For each angle step, a 3D point and an orientation are
assigned. For our grasp strategy, we wish to point the palm
normal radially inwards. This normal corresponds to the z-
axis of the right hand grasp frame. Hence, for each of the
rim points, their z-axis are aligned inwards along the radial
line, while the y-axis is aligned with the tangential line that

Fig. 2. The Steering Wheel plane is approximated and discretized in angular
steps on the right sagittal plane. Each point is assigned a pose favorable for
grasping and pictured through Rviz markers.

points in a counterclockwise-direction, finally, the x-direction
is completed using the right-hand rule. Furthermore, to
decrease computation. The first point on the rim is set by the
point whose z-axis points in the −ẑ direction. Furthermore,
given that the right arm cannot reach the left-side of the
sagittal plane of the wheel, we only return poses that exist on
the right side of the plane. These poses are pictured through
Rviz markers in ROS for visualization purposes as seen in
Fig. 2. These points along with the corresponding poses,
angles, and time stamps are broadcast through a ROS service
once at the beginning of the task in order to compute the IK
solutions.

D. Inverse Kinematics

IK computation for the Atlas robot in this work follows
the method outlined in [5]. Namely, an hybrid IK scheme
consisting of an analytic computation followed by a numeric
method is used for the 6 DoF arms in Atlas. It is well known
that an analytic IK solution can be obtained if the arm posses
a spherical wrist and shoulder [15]. While the Atlas arm
does not possess these qualities, an approximation can be
made that achieves correct IK orientations and positions that
diverge on average by approximately 1.8cm. Nonetheless,
the analytic IK result can then be used as seed values for a
numeric approach that typically converge to precise solutions
within 3 iterations. The IK solver may produce up to 2
solutions after joint limits are considered. This approach has
been realized into a ROS library that uses both the open
source ROS package Kinematics and Dynamics Library,
KDL [16] and the ROS-compatible Eigen library [17].

The IK solver was used to resolve solutions for each of
the poses broadcasted by the service previously mentioned
at the beginning of the task. To this end we assign a world
reference frame at the utorso of the robot and a right grasp
frame as visualized in Fig. 3. The IK approach allows the
hand to rotate about both the local y- and the z-axes thus
constraining only 4 DoF of the hand poses and not 5 as in
the approaches for valve turning in [5] and [6]. The reason
is two-fold: the steering wheel plane is not perpendicular to
the torso of the robot and the steering wheel is so close to
the robot that the robot is forced to grab the steering wheel
towards the rear-side of the rim and not from the side that
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Fig. 3. This image shows the world coordinate frame at Atlas’ utorso
frame and the right grasp frame at the palms center point.

would be more natural if we could adjust the distance from
the wheel. Not all poses posses valid IK solutions, other
poses may have more than one solution. Currently we have
not implemented an optimization mechanism, so we simply
take the first computed solution. A structure that records the
pose is created, it’s angle, and an IK solution if there is one.
Additionally we register which poses realize the upper and
lower angle limits for the set of IK solutions. We use the
upper and lower limits to compute a mid-range pose where
the hand has a maximum motion range to steer the wheel in
either direction. An example can be visualized in Fig. 4.

Fig. 4. Visualization of valid IK solutions around the steering wheel. Upper
and Lower solution limits are depicted as well as mid-range point between
these limits.

E. Steering Manipulation Scheme

Once the mid-range grasp pose has been identified, the
steering manipulation starts. The task commences by moving
the arm to a safe initial location within the car and then
make sure the hand is completely open. In the next motion,

the arm reaches the mid-range pose without making contact.
This is due to some noise error in the computation of the
circle plane from the laser sensor and its history buffer. The
noise is estimated to be ±0.01m as this is the size of laser
points in rviz. Nonetheless, the distance is within the reach
tolerance of the grasp. After the motion has finished, we
close the Sandia hand to achieve a grasp. Due to the Sandia
hand configuration the steering wheel is only clamped by the
fingers but not the thumb.

Once the hand has gripped the wheel, steering takes
place upon receiving a commanded angle. This angle is
relative to the current position of the hand and does not
work in absolute angle coordinates. In the larger context of
autonomous driving by a humanoid robot, this angle would
be generated by a path planning module that directs the
motion of the car. However, for this work, desired angles
were published manually through ROS topics.

In this work, we focus our testing exclusively to Direct
motions and do not yet consider Cross-over. Direct motions
compute the difference between the commanded angle and
the current position to the nearest degree and then selects the
IK solutions saved from the current pose to the goal poses.
This set of IK solutions are then used as way-points in the
steering trajectory which uses position control. In practice,
these way-points are sent to the low-level joint controller
though a simple action lib client [18] configured for Atlas.
The simple action lib works under a client-server mechanism
that amongst other things generates smooth trajectories from
way-point to way-point while providing trajectory feedback.
A visualization of the Manipulation Scheme is shown in Fig.
5. Our work assumes a couple of important assumptions: (i)
steering wheel’s relative angle change can be known and (ii)
a goal has to be completed before the robot arm goes to a
new desired point.

IV. EXPERIMENTS

In this section we will present experimental results related
to number of poses generated, IK limits, and the behaviour
of our approach in reaching desired steer angles. These
experiments took place under stationary conditions and in
a concrete surface.

As part of the generation of poses in the Circular Plane
Approximations, only the right side of the circle was consid-
ered with an angle discretization parameter of 1 degree. For
this reason, 182 poses were created in the right hemisphere
varying from -1.57 rad to 1.57 rad about the horizontal.

Once the discretized poses were created, the IK solver
attempted to generate joint solutions at each of the poses.
The lower and upper angles at which IK solutions existed
were recorded as well as mid-range pose angle. We computed
the average and standard deviation of these results over 6
trials, the results are shown in Table I. To test our scheme
we tasked Atlas with a range of desired steering angles.
The results indicated that in all cases Atlas was lagging
the commanded angle by approximately 22%. Next we
present average errors and standard deviations for the follow-
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Fig. 5. Depiction of the Steering Mechanism, from left-to-right, the hand is moving from its departure position, it then arrives at the mid-range pose on
the steering wheel, and then grasps the latter; finally, it steers the wheel to a commanded angle.

TABLE I
AVERAGE VALUES AND STANDARD DEVIATIONS FOR LOWER, UPPER,

AND MID-RANGE IK ANGLE SOLUTIONS (RADIANS) ABOUT THE

APPROXIMATED STEERING WHEEL PLANE.

Limit Type Average (rad) Std. Dev (rad)
Lower Lim. 0.5044 0.1395
Upper Lim. 1.5673 0.0065
Mid Range 0.8482 0.3336

ing desired angles respectively: 0.1745rad: 23.17%,5.52%;
0.3490rad: 18.41%,8.94%; and 0.44rad: 24.09%,3.20%. We
surmise there are several potential culprits: some initial slip
from the fingers from the steering wheel; also, stiffness on
the part of the steering wheel that produced a counter reaction
to the robot’s turning potentially affecting robot joint angles;
and finally, some disparity between the approximated model
of the steering wheel and the actual object.

A general feed-forward term was computed and used to
compensate for the aforementioned error. We added 22%
of the actual error between desired and actual angles to
the desired angle. The term effectively compensated for
irregularities and allowed the scheme to average 98.24%
accuracy with a standard deviation of 1.35%. Fig. 6 shows
results for desired angles of: 0.1745, 0.3490, and 0.44 radians
for both non-feedforward and feedforward terms respectively.
Each of the tasks was completed within a desired time lapse
of 3 seconds. The trajectory plot shows a sequence of slightly
oscillating sequence. This is the result of the interpolation of
a way-point sequence.

V. DISCUSSION

Our work demonstrated that timely and accurate steering
is possible for a humanoid robot that manipulates a steering
wheel with a single arm in a very constrained environment.
This result necessitated the use of a feed-forward term
to suppress a number of possible effects including slight
slippage of the robot’s multi-fingered hand; a counter inertial
reaction from the wheel’s stiffness, and differences between
the approximated model of the steering wheel and the actual
model of the object. For the latter, given that a user is
required to select three points for a new experiment, the
resulting circle slightly varies across experiments.

While this approach shares commonalities with others who
have worked in valve-turning; namely, the approximation of a
circular plane and the computation of IK solutions around it,
our work differs in a number of ways: (i) The approximation

of the steering wheel occurs in a an environment with very
constrained visibility. Half of the steering wheel is occluded
to the cameras. Nonetheless the user-guided circular plane
approximation is simple and accurate. (ii) We compute IK
solutions in a circular plane that is not parallel to the torso,
hence introducing orientation variations across all three axes
for the steering wheel poses. This in turn forces us to look for
solutions by constraining IK solutions in 4 DoF and allowing
a null-space of 2 DoF. (iii) Our work turns a wheel about the
rim with a single arm. In [3], [4] the valve-turning happens
about the center of the valve, and in [5],[6], [7], two arms
are used around the rim. (iv) Our task requires that robot to
stir to different angles in a timely manner, whilst the other
works emphasize maximal speed and range-of-motion.

Certainly there a number of limitations that our work
needs to address. First, a force-base controller needs to be
implemented. This in turn may help to lessen the impact of
negative effects seen in our work. Secondly, we consider
that a different end-effector, one without fingers, may be
more suitable for this task. Coupled with force-control, we
could achieve a contact dynamic between the wrist and the
wheel that, through coulomb friction, could allow for better
steering without slippage. Thirdly, our work did not consider
the cross over motion experimentally. When the robot’s hand
departs the wheel to adjust its angle, we surmise the steering
wheel’s angle will change introducing an important source of
errors to the task. Furthermore, the cross over motion should
compute the range of motion available to the arm to adjust
its new pose so as to minimize cross-over motions as much
as possible. In addition, this work assumed that the steering
wheel angle was available to the robot for computation. In
the real scenario, such angle is not available and would need
to be computed using point cloud algorithms. All of these
limitations will be addressed as part of our future work.

VI. CONCLUSION

This paper presented a Steering Wheel Manipulation
scheme for robots using a single arm in tight spaces like that
of a vehicle environment. The approach consisted in three
stages including: a user-guided task level aid; IK solution
generation, and a steering strategy. The user-guided circular
plane identification computation is simple and effective for a
constrained environment though suffers slightly from sensor
error and user selection. The IK solver was applied to the in-
clined steering wheel using 4 DoF, and DoF for the nullspace.
Finally, with the aid of a feed-forward term the steering
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Fig. 6. Steering Mechanism response: Top row shows controller performance when tasked to steer to angles: 0.1745, 0.3490, and 0.4400rad. Bottom rows
shows controller performance when using a feedforward term for the same angles. The feedforward terms was estimated based on the average difference
in angle error for all tasked angles.

mechanism reached accuracy levels of approximately 97%
showing the effectiveness of the approach.
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