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Vision-Based Online Adaptation of Motion
Primitives to Dynamic Surfaces: Application to an

Interactive Robotic Wiping Task
Athanasios C. Dometios , You Zhou , Xanthi S. Papageorgiou , Costas S. Tzafestas , and Tamim Asfour

Abstract—Elderly or disabled people usually need augmented
nursing attention both in home and clinical environments, espe-
cially to perform bathing activities. The development of an assis-
tive robotic bath system, which constitutes a central motivation of
this letter, would increase the independence and safety of this pro-
cedure, ameliorating in this way the everyday life for this group
of people. In general terms, the main goal of this letter is to en-
able natural, physical human–robot interaction, involving human-
friendly and user-adaptive online robot motion planning and in-
teraction control. For this purpose, we employ imitation learning
using a leader–follower framework called coordinate change dy-
namic movement primitives (CC-DMP), in order to incorporate
the expertise of professional carers for bathing sequences. In this
letter, we propose a vision-based washing system, combining CC-
DMP framework with a perception-based controller, to adapt the
motion of robot’s end effector on moving and deformable surfaces,
such as a human body part. The controller guarantees globally uni-
formly asymptotic convergence to the leader movement primitive
while ensuring avoidance of restricted areas, such as sensitive skin
body areas. We experimentally tested our approach on a setup in-
cluding the humanoid robot ARMAR-III and a Kinect v2 camera.
The robot executes motions learned from the publicly available
KIT whole-body human motion database, achieving good tracking
performance in challenging interactive task scenarios.

Index Terms—Motion and path planning, learning and adaptive
systems, human-centered robotics.

I. INTRODUCTION

MOST advanced countries tend to be aging societies, with
the percentage of people with special needs for nursing
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attention being already significant and due to grow. Health care
experts are called to support these people during the perfor-
mance of Personal Care Activities such as showering, dressing
and eating [1], inducing great financial burden both to the fam-
ilies and the insurance systems. During the last years health
care technology is developing towards assistive and adaptable
robotic systems designed for both in-house and clinical environ-
ments, aiming at supporting disabled and elderly people with
special needs in terms of Personal Care Activities. There have
been very interesting developments in this field, such as the
Oasis seated shower system [2] and Poseidon robotics care sys-
tem [3], with either static physical interaction [4], or mobile
solutions [5].

However, body care (showering or bathing) is among the first
activities of daily living (ADLs) which incommode an elderlys
life [6], since it is a demanding procedure in terms of effort and
body flexibility. In this context, an assistive robotic application
involving direct human-robot physical contact (such as show-
ering) is way more demanding in terms of safety than other
assistive robotic systems. These high safety standards include
operation of the robot on curved and deformable human body
parts in a dynamic environment, since unexpected body-part
motion may occur during the robot’s operation. In addition, the
showering task should be executed in a human-friendly way
in terms both of motion and force exertion on each body part,
in order to increase the comfort of an elderly user. Therefore,
proper washing motions for each task should be learned by
demonstration of health care experts.

Learning a complicated motion by demonstration includes
choosing appropriate motion representations and correspond-
ing learning strategies [7]–[9]. Previous works based on the
motion primitives for learning robot’s interactive motions can be
found in [10]–[13]. As a popular method, Dynamic Movement
Primitive (DMP) [7], [14] with its simple parametrized formula-
tion supports not only imitation learning but also reinforcement
learning. Considering its simplicity and potential extension, in
this work, we choose DMP to encode washing movement prim-
itives. Based on the DMP formulation, we developed in our
previous work [15] a leader-follower framework to take also
the user’s movement into consideration. Furthermore, in order
to realize proper robot’s motion and human-friendly interaction
according to clinical requirements, we learn washing actions
demonstrated by professional carers, which are recorded in KIT
whole-body motion database [16].
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The spectrum of applications, which involve a robotic manip-
ulator executing surface interactive tasks with the environment
using visual feedback, is wide. Examples are from automotive
industry, in which industrial manipulators are responsible for
transferring or spraying actions on car parts [17] or service
robotic interacting with household environment [18]. Famous
surgical robotic platforms also follow a master-slave design and
consist of manipulators tele-operated by surgeons with a vi-
sual aspect of the scene. Another interesting applications of
semi-autonomy in cardiac surgery is the beating heart motion
compensation [19].

However, close and tight physical interaction with a human
being is a much more delicate task and requires advanced per-
ception capabilities. The progress of RGB-D sensors together
with sophisticated computer vision algorithms have increased
radically the perception abilities of robotic systems. In par-
ticular, approaches based on Deep Learning techniques have
presented very detailed results on human perception and specif-
ically body-part segmentation. In [20], [21], pixel-level human
body parts semantic segmentation is presented, whereas in [22]
their sparse pose is calculated with close to real-time compu-
tational performance. These recent results, have motivated the
development of a vision-based motion controller in [23], which
uses a Navigation Function approach to guarantee the proper ex-
ecution of the task within the body part limits and to achieve the
adaptation of simple motions on moving, deformable surfaces.

In this letter, we propose a vision based washing system,
which integrates the leader-follower framework of motion prim-
itives (CC-DMP) with a vision-based controller to adapt refer-
ence path of a robot’s end-effector and allow the execution
of washing actions (e.g. pouring water, scrubbing) on mov-
ing, curved and deformable surfaces, like human body-parts.
This system incorporates clinical carer’s expertise by produc-
ing motions which are learned by demonstration, using data
from the publicly available KIT whole-body motion database.
Moreover, the perception based controller uses navigation func-
tions to guarantee globally uniformly asymptotic convergence
to the leader movement primitive and obstacle area (e.g. skin
injuries) avoidance. In addition, on-line motion adaptation from
depth data realizes user motion compensation and local surface
estimation, which allows the regulation of the distance and the
orientation of the robot’s end-effector perpendicularly to the sur-
face. This regulation enables the execution of both contactless
actions (such as water pouring) and actions involving physical
contact with indirect (open-loop) application of forces (such as
wiping or scrubbing).

In our experiments, we use humanoid robot ARMAR-III de-
veloped at KIT [24], which applies washing actions on a planar
whiteboard and over a male subject’s back region. We choose
this robot with known kinematic model and mature low-level
controller to provide an efficient proof-of-concept demonstra-
tion and show-case the developed methodology. In the context
of the I-Support project, a soft arm robotic manipulator is un-
der development and will be used for validation experiments in
the near future. Nevertheless, by using a humanoid robot in our
current experiments we further showcase the diversity of our
method and its potential application in the household service
robot of the future.

Fig. 1. The I-Support system installed in a clinical environment (Santa Lucia
Foundation, Rome, Italy). This system constitutes of a soft robotic manipu-
lator (courtesy of Sant’Anna School of Advanced Studies), a motorized chair
(courtesy of Robotnik Automation, Valencia, Spain) and three Microsoft Kinect
cameras.

II. PROBLEM STATEMENT

The I-Support robotic shower system, which is currently in
development and initial validation stage (see Fig. 1), aims to
support both elderly and people with mobility disabilities dur-
ing showering activities, i.e. pouring water, soaping, body part
scrubbing, etc. The degree of automation will vary accord-
ing to the user’s preferences and disability level. In Fig. 1,
system’s basic parts are presented. The robotic system pro-
vides elderly showering abilities enhancement, the motorized
chair ensures the safe transition of the user in the shower
room and three Microsoft Kinect sensors are used for user all-
around visual perception and Human-Robot Interaction (HRI)
applications.

The motion adaptation problem of a robotic manipulator’s
end-effector on a moving, curved and deformable surface (e.g.
user’s body part), in a workspace equipped with a depth-camera,
is considered. The core of this motion adaptation task is to
calculate at each time step the reference pose for the end-effector
of a robotic arm, which will let the robotic manipulator execute
proper human friendly surface tasks (e.g. wiping the user’s back)
and at the same time to be compliant with this body part. We
assume that the field of view of the depth camera includes the
workspace of the robot and the obstacles in the workspace are
visible from the camera perspective. Obstacle areas may regard
restricted areas, either on the user’s body part subject to washing
(e.g. local injury) or on other body parts, which may interfere
to the robot’s motion (e.g. the hands of the user) and should be
avoided during the washing sequence.

The boundaries of each body-part can be found on the image
plane with simple color filters or more robust semantic seg-
mentation techniques [22], which are based on Deep Learning.
These boundaries will differ from user to user, therefore adapt-
ability to different users is also a very important feature of the
system.

Moreover, each human has unlike preferences and needs dur-
ing the washing sequence. It is crucial for the user to feel com-
fortable and safe during the operation of the system. Therefore,
proper and human friendly washing motions for each subtask
should be learned by demonstrations of health care experts.
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Fig. 2. Perception-based motion planning. A leader DMP point (i, j) from the
Canonical space is transformed with bijective transformation T1 to the point (u,
v) of Image space and then with bijective transformation T2 to the point (x, y,
z) of the body-part. From the neighborhood of (x, y, z) we are able to calculate
the reference orientation.

This procedure might raise some requirements for each task,
in terms of execution time and motion complexity. However,
decomposition into simpler primitive motions (e.g. periodic and
discrete) is necessary for a robotic device for technical reasons.
The fusion of such primitive actions with different parameters
(e.g. duration, amplitude etc.) can reproduce more delicate and
human-friendly actions.

In the next section, we will briefly provide the preliminar-
ies of our works, based on which, we develop an integrated
perception-based motion planning and interactive control sys-
tem, which is able to incorporate the recent advances of visual
human perception algorithms (in particular on-line segmenta-
tion and reconstruction of human body parts) and can simulta-
neously, in the context of the envisaged application, imitate and
execute proper washing actions.

III. PRELIMINARIES

A complete perception-based washing system consists of two
main parts, a vision-based controller and an adaptable motion
representation. The former one enables the system to perceive
and handle the change of the environment, especially in our
scenario the moving, curved and deformable washing surface.
The latter one introduces the possibility of imitation learning and
reinforcement learning by demonstration of health-care experts
and generates adaptable washing actions.

A. Perception-Based Motion Planning

The basic goal of the perception based motion planning is
to calculate on the fly the leader reference pose, around which
each learned washing motion will be applied. This approach
commences with the planning of the leader movement primi-
tive’s path on a fixed 2D “Canonical” space, which is spatially
normalized, as depicted with blue color in Fig. 2. This space can

be considered as a canvas on which any path can be inscribed,
in order for the robot to be able to navigate on any part of the
surface that needs to be washed (e.g. the back of the user). This
path is followed by using a controller U = H (−∇ϕ), where H
is a function as defined in [23], and ϕ is a navigation function
of the form:

ϕ(q, t) =
γ(q, t)

[γκ(q, t) + β(q, t)]1/κ
(1)

where κ > 0, γ is the distance to the 2D leader DMP, β(q) is
the product of obstacle areas described as functions resulting
from visual feedback, q is the position vector in “Canonical”
space and U is the vector of velocity inputs. Globally uniformly
asymptotic convergence to the leader path is guaranteed within
the body-part and proved in [23].

Adaptation of the controller’s result on the operating surface
is implemented with two bijective transformations. In particu-
lar, at each time step one point from the “Canonical” space is
transformed in the visually segmented boundaries of each body
part in Image space using affine transformation T1 (rotation
and anisotropic scaling). In this approach we define the Image
space (IM ) as the subspace of R2

+ with boundaries imposed by
the resolution of the depth camera (e.g. Kinect camera’s basic
resolution is 512 × 424).

The latter step of the adaptation includes the transformation
T2 of the point on the Image space to the Task space (V ), i.e. the
R3

+ subspace which lies within the camera field of view (FOV ).
Basic assumption of this approach is that the body part which
will be washed lies within the Task space and the workspace of
the robot at the same time. This means that the camera extrinsic
parameters are known and the user is properly positioned and
oriented with respect to the robot and the camera. In general,
calibration of camera extrinsic parameters is a challenging task
and can affect the accuracy of the algorithm, but this assumption
can be fulfilled in a static set-up such as the I-Support system,
Fig. 1.

Proposition 1: The transformation T2 (which is represented
by the camera projection) from the Image space (i.e. IM =
{(u, v) : u ∈ [0, μ], v ∈ [0, ν]}, where μ, ν are the image width
and height respectively, to the Task space (i.e. V = {(x, y, z) ∈
FOV }) at each time step is a bijection.

Proof: We provide a descriptive and intuitive proof. The basic
idea results from the fact that a ray starting from the camera’s
optical center passes through the Image space and meets a point
in the Task space. The latter is always true in an indoor en-
vironment. Therefore, ∀(u, v) ∈ IM ⇒ ∃ (x, y, z) ∈ v. Using
ray-casting technique it is easy to show that this point is unique,
since the same ray cannot meet two points in the Task space
at the same time. From the previous we can conclude that the
transformation T2 : IM → V is one-to-one (injective) and onto
(surjective), so it is bijective. �

In order to calculate the leader reference position and ori-
entation, we use depth information of the pixel (u, v) and its
neighboring pixels in the Image space, collecting a group of
3D points. This group of points in the Task space forms a
small planar segment of the body part surface. For the reference
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position we calculate the percentile median point, whereas for
the reference orientation we apply Principal Component Anal-
ysis to the covariance matrix of the collected points and use the
eigenvectors as a local reference frame, as described in detail
in [23].

One major issue of this approach is the visual occlusion of
the surface, which occurs during the robot’s operation. This
problem is tackled by adjusting the size of the neighborhood of
pixels mentioned above. The larger occlusion occurs, the larger
the neighborhood should be so we can locally reconstruct the
missing depth information from the surrounding pixel’s depth.

Remark 1: The size of the robotic end-effector should be
related to the curvature of the surface area. For example, if the
robotic arm is large and causes a large visual occlusion, the local
estimation of surface’s curvature would be coarse in a highly
curved area.

Remark 2: The reconstruction of the missing depth data from
Kinect sensor can be solved with efficient image in-painting
techniques presented in [25], [26]. The implementation of these
computer vision algorithms is out of the scope of this letter. In
our implementation we apply a planar fit in the missing data. In
addition, the problem of missing visual data is highly reduced
in multi-camera systems such as the I-Support, Fig. 1.

The described bijective transformations serve as a feedback
to the controller as well. For example obstacle areas in the Task
space (e.g. the hands of the user, or injuries on the back region)
which are visible by the camera can be transformed back to
the “Canonical” space by using the inverse procedure. In more
detail, the black region in Fig. 5 represents a bandage on a
body-part, which covers an injured region. This region is visu-
ally perceived and is transformed back and maximizes the values
of the navigation function vector field in the corresponding co-
ordinates. This modification will affect the execution (blue path)
of a demonstrated leader DMP (red path) which passes through
this area, preventing the robot from washing this sensitive area.
Therefore, the described approach provides augmented percep-
tion properties to the washing system, which include user motion
compensation, adaptability to different body-part size together
with obstacle avoidance.

B. Learning and Motion Adaptation

Instead of hard-coded trajectories, the robot can achieve more
human friendly washing motion by observing human demon-
strations. We choose DMP to represent washing movement
primitives as mentioned before, [7]. DMP is a damped-spring
system coupled with a nonlinear term: τ · v̇ = K · (g − y) −
D · v + scale · f , with the spring factor K, the damping fac-
tor D and the nonlinear force term f , which can be learned by
observing the demonstration. The temporal factor is τ , and g
is the goal for discrete movement or the anchor point for peri-
odic movement. Also, v, v̇ and y specify the current state of the
motion. The scaling factor scale is used for changed g or start
position y0 .

However, the traditional DMP cannot handle interactive ac-
tions, such as wiping a dynamic surface. Hence, we developed a
leader-follower framework called Coordinate Change Dynamic

Fig. 3. The procedure of learning CC-DMP by human demonstration includes
the separation of the motion into discrete and periodic part. Left: A demonstrated
washing action Middle: Separation of the demonstrated motion into primitive
discrete and periodic motions. Right: The reproduced motion by the CC-DMP
method (blue) is similar to the demonstrated one (dashed).

Movement Primitive (CC-DMP), [15]. The idea of CC-DMP
is that we learn the follower’s DMP in the leader’s coordinate
system. In order to get the follower’s motion in the global coor-
dinate system, we multiply both sides of DMP transformation
system with a coordinate transformation RL

G , as in (2), where
the superscript G denotes the global coordinate and L denotes
the local coordinate. The leader’s motion can also be encoded
by an another DMP, which, together with the follower’s DMP,
constructs a leader-follower framework realizing the adaptation
of the follower’s movements to the leader’s behavior.

τ · RL
G,t+1 · v̇G = RL

G,t ·
(
K · (gG − yG ) − D · vG

+ scaleG · fG
)

τ · RL
G,t+1 · ẏG = RL

G,t · vG (2)

In order to learn a washing action and keep its capacity of
generalization, we first detect and separate periodic pattern of
motion from its discrete part by performing signal analysis such
as Fourier transformation described in [15]. The discrete part
of a washing motion encodes the action direction such as top-
down, left-right or some special movement. The periodic pattern
encodes the functional primitive, which can be a cyclic motion,
Fig. 3. In the extreme case, a motion whose periodic pattern
has zero amplitude is a simple discrete motion. By this separa-
tion and representing both parts with DMP, we can modify the
motion according to the user’s preference or task constraints.
Fig. 3 shows one simple way to extract both parts of a wash-
ing action and reproduce it with CC-DMP. The accuracy of the
reproduction is dependent on both separation and learning. De-
spite the accurate learning properties of DMP, signal splitting
might cause information loss. Nevertheless, signal splitting can
be avoided by customizing the expert’s demonstration strategy.

Hence, a complete washing system based on CC-DMP has
multiple leaders and followers. In the high level, the user’s
movement is the leader and a periodic motion is the follower.
However, since the user’s movement is not predictable in the
general case, we need sensor feedback to perceive the change
of the surface instead of learning user’s movement with a DMP.
In the low level, the discrete part of the motion is leader and the
periodic pattern is the follower, both of which can be learned by
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Fig. 4. Perception-based washing system. The output of the body-part visual
segmentation and the depth data provided by the camera is the input of this
system, while the output is the target washing action of the robot’s end-effector.

demonstration with DMPs. However, in our previous work [15],
we have not included the perception of the environment. All
the experiments mentioned in that paper are conducted in the
simulator, in which the movement of the user is known by the
system.

IV. PERCEPTION-BASED WASHING SYSTEM

If the desired washing movement is simple and predefined, a
vision-based controller described in Section III-A can success-
fully adjust trajectory points one-by-one on a dynamical surface
to generate a desired action. In the meantime, if the surface has
known structure and does not change significantly during the
motion evolution, CC-DMP described in Section III-B can flex-
ibly generate complex trajectories learned by demonstration and
adapt the movement to the surface’s already modeled dynamic
behavior.

However, in a washing case study, the size of each body-part
differs among users and the body shape may change during
the washing procedure, thus, we cannot generate an appro-
priate motion by pure imitation learning which cannot gen-
eralize for a relatively large change in the environment. On
the other end, a pure perception-based controller cannot gen-
erate human-demonstrated washing trajectories. Furthermore,
the preferences of each user may differ or change during the
washing procedure, which requires the online modifications of
motion parameters (e.g. amplitude, velocity). Therefore, this on-
line motion modification requires the properties of a dynamical
system such as CC-DMP.

Hence, we create a hierarchical washing system, shown in
Fig. 4, by merging the described approaches, to achieve more
robust behavior and to increase the capabilities of the system.
In this system, we consider the discrete part of a washing ac-
tion as the leader and the periodic pattern as the follower. The
learned leader’s motion primitive outputs a reference point in
the “Canonical” space, which is followed by the Navigation
Function controller. The output is adjusted in the body-part ex-
tends and then transformed on its surface. The leader global pose
is calculated by the analysis of camera’s depth data in a small
neighborhood of the visually segmented target area as described
in Section III-A. In the latter step of this workflow, the follower

movement primitive calculates the next point in the leader’s lo-
cal coordinate system, then transforms it to the global or robot’s
coordinate system. The final step is to use inverse kinematics to
calculate the next required joint configurations of the robot and
its low-level controller to drive the robot’s end-effector to the
next desired pose.

The time and spatial adaptation, together with the decomposi-
tion of the learned washing actions allows for planning of a large
repertoire of motions and adaptation on deformable surfaces as
well. This repertoire includes different combinations of discrete
and periodic actions, which may vary according to the washing
sequence (e.g. pouring water, scrubbing, soaping etc.) decided
by the user or the healthcare expert. It also includes the capacity
of the perception-based system for on-line adaptation on large
and a-priori unknown surface deformations of the target part.
An indicative example is presented in Fig. 6, in which a linear
discrete motion (red) is adapted on a surface formed by a plane
paper of unknown, but visually perceived curvature and defor-
mation. The estimated local vector (blue) and the execution of a
cyclic periodic pattern (green) are also demonstrated in several
segments of the leader’s path. The local curvature estimation
at each time step not only compensates the surface’s motion
and deformation, but also permits the regulation of the perpen-
dicular distance of the robot’s end-effector to the surface. This
regulation enables the execution of actions that involve physi-
cal contact (e.g. scrubbing), thus also indirectly involving the
application of forces without any additional feedback, as well
as actions that involve no contact with the surface (e.g. pouring
water).

V. EXPERIMENTAL STUDY

An experimental setup, suitable for validating the perfor-
mance of the proposed approach with similar configuration to
the I-Support system, is employed that includes a single Kinect-
v2 camera providing depth data for the back region of the sub-
ject, with accuracy analyzed in [27]. The segmentation of the
washing surface is implemented, for the purposes of the follow-
ing experiments with a color filter to the pixels of the image
obtained from Kinect-v2 camera. The setup also includes an
ARMAR-III robot.

A. Experimental Scenarios

In order to test our methods, we consider the following ex-
periments:

� Scenario I: ARMAR-III wipes a static whiteboard. The
discrete part of this washing action is a vertical top-down
movement. Obstacle avoidance is demonstrated in this ex-
periment, Fig. 5.

� Scenario II: ARMAR-III wipes a dynamic whiteboard,
which is held by a person and rotated/translated from time
to time, Fig. 7.

� Scenario III: ARMAR-III wipes a male subject’s back. He
is moving his back during the experiment to demonstrate
the adaptation of the robot motion to the subject’s move-
ment. For safety reasons, ARMAR-III has no real contact
with the person, Figs. 10 and 11.
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Fig. 5. Scenario I: ARMAR-III wipes a static whiteboard. Left: An obstacle area (e.g. injury depicted with black patch) is detected in the Task space and
transformed back to the Canonical space. The Navigation Function potential field is maximized in the corresponding area and the boundary of the workspace.
Middle: The leader DMP path (red) is defined and an attractive vector field leads to the target point. Right: The controllers output is the blue path and is executed
by the robot, avoiding the sensitive injured area. After the obstacle avoidance the end-effector’s motion converges again the indicated linear motion primitive.

Fig. 6. Adaptation of a linear leader DMP (red) on a deformable surface
(PointCloud view). The normal vector (blue) and the application of a follower
periodic washing action is demonstrated on several segments of the path. Per-
spective and top views of a surface are depicted, subject to several unknown
levels of deformation. Top: No deformation. Middle: Medium deformation.
Bottom: High deformation.

We choose a whiteboard for this experimental procedure in
order to bypass difficulties imposed by image segmentation,
which is out of the scope of this letter, and as a reference surface
for validation purposes.

B. Results & Discussion

In Figs. 5–11, the results of all experimental scenarios are
presented. ARMAR-III uses all 7 DOFs of its right arm and its
hip yaw joint to generate functional washing actions. A wash-

Fig. 7. Scenario II: ARMAR-III is wiping a dynamic whiteboard and a person
moves the board. ARMAR-III is holding a yellow sponge, which keeps contact
with the surface. The wiping movement is adapted to the surface’s motion.
Top: PointCloud view of the whiteboard and the robot’s end-effector showing
instances of the adaptation of the wiping motion with the green trajectory.
Bottom: Side camera view of the wiping action indicating with the red arrow
the motion of the whiteboard implied by the human.

ing task with obstacle avoidance (Scenario I) is demonstrated
in Fig. 5, in which an obstacle area indicated with a black patch
(e.g. an injury on the back region) intersects with the motion of
the robot if a leader top-down path (red) is directly executed.
In particular, the injured area is visually perceived and is trans-
formed back to the Canonical space using the inverse T1 and
T2 transformations. This information is inserted into the Navi-
gation function as in (1), maximizing the values of the potential
field in the corresponding coordinates. As soon as the leader
DMP path (red) is defined, an attractive vector field is formed
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Fig. 8. Evolution of the reference position for the wiping motion and the
executed robot end-effector position, during Scenario II that involves a moving
planar surface.

Fig. 9. Evolution the reference orientation for the wiping motion and the exe-
cuted robot end-effector orientation, during Scenario II that involves a moving
planar surface.

and leads to the target point. The robot executes a modified path
(blue) and avoids to wash the obstacle area.

In addition, the results of Scenario II are intuitively visual-
ized in the top of Fig. 7, using the Point cloud view provided by
the Kinect camera and a sequence of green points showing the
evolution of the circular motion and its adaptation to the move-
ment of the whiteboard. In order to validate the performance of
the robot during the periodic action, we compared the reference
path computed by the washing system with the end-effector path
calculated from the robot’s forward kinematics. More specifi-
cally, Figs. 8 and 9 depict the time evolution of the reference
pose (position & orientation quaternion) in red color and the ex-
ecuted robot end-effector pose in blue color during the wiping
motion of the planar surface (Scenario II). It is apparent, that
the robot manages to follow the surfaces pose compensating
with it’s motion and simultaneously execute the wiping action.

Fig. 10. Scenario III: ARMAR-III is wiping a male subject’s back region.
The subject is moving to the right and the robot follows the motion. Left: Side
camera view of the subject performing a translation to the right. Right: Zoomed
Point cloud view of the experiment highlighting the adaptation of the wiping
motion (green trajectory) to the movement of the subject. Safe distance is kept
between the back and ARMAR-III’s end-effector.

Fig. 11. Scenario III: ARMAR-III is wiping a male subject’s back region.
The subject is moving backwards and the robot follows the motion. Top: Side
camera view of the subject performing a translation backwards. Bottom: Point
cloud view of the experiment highlighting the adaptation of the wiping motion
(green trajectory) to the movement of the subject. Safe distance is kept between
the back and ARMAR-III’s end-effector.

Furthermore, the executed path quickly converges to reference
with bounded error both in position and orientation.

In Scenario III, the robot executes the washing trajectory over
the back region of a male subject. In more detail, in Fig. 10
the subject moves to the right, while in Fig. 11 he moves
backwards. In both cases the robot with the aid of the pro-
posed motion planning approach manages to compensate with
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the movement of the subject, without interrupting the washing
task indicating the applicability of this approach to real life
scenarios.

VI. CONCLUSION AND FUTURE WORK

This letter presents a vision-based washing system, which
is capable of adapting the motion of a robotic end-effector to
a moving and non-rigid surface, such as the back region of
a person. This goal is achieved by merging two methods, a
leader-follower motion primitive framework (CC-DMP) with
a visual perception based controller. This fusion carries out
human-friendly washing tasks, by incorporating the expertise of
health-care experts with imitation learning techniques, while en-
hancing on-line adaptation to dynamic moving and deformable
objects (in our case, body parts). We conducted several ex-
periments with a humanoid robot ARMAR-III, which applies
washing actions on a planar surface (either static or moving)
and over the back region of a subject.

For further research, we intent to ameliorate this system by ex-
panding the repertoire of learned washing actions and smoothly
integrate them to the technical requirements of a multi-camera
robotic system, which will reduce the occlusion problem. We
can also make the system more interactive by applying shared
control techniques and by letting the user adjust on the fly the
parameters of the robotic motion and the contact forces accord-
ing to his/her feeling. In the future, we aim towards smoother
and more robust contact with the human body, by incorpo-
rating force based control approaches [28]–[30] to the cur-
rent method, fusing information from both vision and tactile
sensors.

The system will be further integrated and experimentally val-
idated using the soft arm shower robot developed in the frames
of the I-Support project.
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Dillmann, “ARMAR-III: An integrated humanoid platform for sensory-
motor control,” in Proc IEEE/RAS Int. Conf. Humanoid Robots, Genova,
Italy, Dec. 2006, pp. 169–175.

[25] M. Stommel, M. Beetz, and W. Xu, “Inpainting of missing values in the
kinect sensor’s depth maps based on background estimates,” IEEE Sensors
J., vol. 14, no. 4, pp. 1107–1116, Apr. 2014.

[26] L. Petrescu, A. Morar, F. Moldoveanu, and A. Moldoveanu, “Kinect depth
inpainting in real time,” in Proc. Int. Conf. Telecommun. Signal Process.,
Jun. 2016, pp. 697–700.

[27] L. Yang, L. Zhang, H. Dong, A. Alelaiwi, and A. El Saddik, “Evaluating
and improving the depth accuracy of kinect for windows v2,” IEEE Sensors
J., vol. 15, no. 8, pp. 4275–4285, Aug. 2015.

[28] A. Montebelli, F. Steinmetz, and V. Kyrki, “On handing down our tools to
robots: Single-phase kinesthetic teaching for dynamic in-contract tasks,”
in Proc. IEEE Int. Conf. Robot Autom., 2015, pp. 5628–5634.

[29] M. Racca, J. Pajarinen, A. Montebelli, and V. Kyrki, “Learning in-contact
control strategies from demonstration,” in Proc. IEEE/RSJ Int. Conf. Intell.
Robots Syst., Oct. 2016, pp. 688–695.

[30] Y. Zhou, M. Do, and T. Asfour, “Learning and force adaptation for in-
teractive actions,” in Proc. IEEE/RAS Int. Conf. Humanoid Robots, 2016,
pp. 1129–1134.

file:www.adl-solutions.com/Oasis%2DSeated%2DShower%2DSystem%2Dfor%2DOpt imal%2DAccessible%2DBathing%2DTempe%2DAZ.html
file:www.adl-solutions.com/Oasis%2DSeated%2DShower%2DSystem%2Dfor%2DOpt imal%2DAccessible%2DBathing%2DTempe%2DAZ.html
file:www.adl-solutions.com/Oasis%2DSeated%2DShower%2DSystem%2Dfor%2DOpt imal%2DAccessible%2DBathing%2DTempe%2DAZ.html
http://www.roboticscare.com/robotics-care-poseidon/
http://www.roboticscare.com/robotics-care-poseidon/


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


