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Abstract—This paper describes a robotic-arm exoskeleton that uses a
parallel mechanism inspired by the human forearm to allow naturalistic
shoulder movements. The mechanism can produce large forces through
a substantial portion of the range of motion (RoM) of the human arm
while remaining lightweight. This paper describes the optimization of the
exoskeleton’s torque capabilities by the modification of the key geometric
design parameters.

Index Terms—Arm exoskeleton, parallel mechanism, pneumatic robot,
rehabilitation devices.

I. INTRODUCTION

The development of a light and powerful robotic-arm exoskeleton
is an important goal for the field of robot-assisted movement training,
as well as virtual reality systems that incorporate haptics, extenders
that amplify human strength and control ability, and upper extremity
orthoses. Many exoskeleton designs exist (see, e.g., [1]–[12]), but none
have matched or exceeded the capabilities of the human arm in terms of
inertia, strength, force-control ability, and range of motion (RoM). To
achieve good performance on one or two of these properties typically
requires the sacrifice of the good performance on the other properties.
For example, strong and light devices have been developed at the cost of
using a reduced number of degrees of freedom (DOFs) compared with
the human arm [2], [4], [5], [7], [9], [10]. Some higher DOF devices
have been designed by the use of electric motors in combination with
highly geared mechanisms and force feedback [13]. This gear-reduction
factor is typically necessary in order to reduce the power and weight
requirements of the electric motors, while achieving the required torque
levels; however, such devices typically have large inertia and are costly
because they require high-precision-force sensing.

Previous arm exoskeletons have typically used a serial-chain design
in which actuators are mounted on progressively more distal serially
connected links of the robot. Because of the serial-chain topology, a
common strategy to achieve shoulder internal/external rotation [see
Fig. 2 (c)] is the use of a serially mounted ring bearing with an ac-
tuator that was mounted directly on the ring [1], [3], [14], [15]. This
approach fundamentally degrades the force/inertia ratio, which was
possible for the arm, because to mount a ring and an actuator on a link
that moves increases the overall mass of the mechanism, which the
human arm/robotic actuators must carry as they move.
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Fig. 1. BONES allows 3-DOF of motion at the shoulder as well as at the elbow
flexion/extension. A distal module accommodates forearm supination/pronation
and wrist flexion/extension.

In this paper, we present an alternate design strategy that uses a
parallel mechanism for the shoulder with mechanically grounded actu-
ators (see Fig. 1). The design for the exoskeleton shoulder was inspired
by the design of the human forearm, in which the radius and ulna bones
allow forearm rotation without the use of a ring bearing [16]. Use of
such a parallel strategy for a robotic device has the advantage that it al-
lows relatively large, direct-drive actuators to be used to generate force,
since the weight of the actuators themselves need not be moved. How-
ever, the use of a parallel design is a challenge because of the need for
a relatively complex mechanism to transmit adequate force through the
wide RoM of the human shoulder, while the human arm and body are
still accommodated within the mechanism workspace [17]. This paper
describes a solution to this problem, which used a design optimization
to maximize torque production by the orthosis, while interference with
the user’s body is avoided.

II. DESIGN DESCRIPTION

The biomimetic orthosis for the neurorehabilitation of the elbow and
shoulder (BONES) [18] uses a parallel mechanism, with mechanically
grounded actuators, to achieve 3-DOF shoulder movement, which also
includes shoulder internal/external rotation (see Fig. 2).

The arm exoskeleton is modeled as an SR mechanism, which follows
the notation given in [19]: We approximated the shoulder to a spherical
joint (S) and the elbow as a revolute joint (R). The spherical shoulder
joint was defined by the three intersecting axis, i.e., θ1 , θ2 , and θ3 , as
shown in Fig. 3. The main driving mechanism (see Fig. 4) consisted
of two RRPS linkages: two perpendicular revolute joints (R), followed
by a prismatic joint (P ), and a spherical joint (S), also according to the
notation given in [19]. Similarly, the upper and lower driving linkages
constrain the location of the top elbow-connection point (TEC) and the
bottom elbow-connection point (BEC), respectively (see Fig. 3). Each
driving linkage is actuated by two grounded pneumatic cylinders that
form a tetrahedron shape in the backside of BONES (see Fig. 4). (Other
actuator types could also be used with this mechanism.) The robot also
incorporates a serially placed pneumatic actuator, which was mounted
on the upper arm exoskeleton. This actuator is decoupled from the
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Fig. 2. Several simplified views showing the main driving mechanism and 3
DOF at the shoulder. (a) Arm at rest. (b) Arm elevation θ1 . (c) Internal/external
rotation θ2 . (d) Horizontal abduction θ3 .

Fig. 3. Original CAD model of the upper arm exoskeleton. S represents the
location of the subject’s shoulder. E denotes the location of the center of the
subject’s elbow. TEC is one of the two points through which the upper arm
exoskeleton is actuated. BEC is the second point through which the actuation
takes place. (Top right) Human model is wearing the exoskeleton.

Fig. 4. Shoulder-mechanism actuation diagram. Four cylinders configured in
a “diamond structure” drive two bars of changing length, i.e., TTV–TEC and
BTV–BEC, respectively. Each bar is hinged by a yoke (YT and YB). A spring
attached from TTV to TS provides partial weight support for the arm. (Top
right) Schematic solid model of the shoulder mechanism actuation is shown.

shoulder-driving mechanism, and it offers large force output for elbow
flexion/extension (θ4 ) with light weight.

A single spring-like material, which was implemented by a rubber
bungee and attached between the top tetrahedron vertex (TTV) and the
main frame at TS (see Fig. 4), provides partial weight support to relieve
the mass of a subject’s arm and the exoskeleton in any given position,
thus resulting in the addition of the essential safety feature that prevents
the robot from falling on the subject’s lap in the case of an emergency
stop or power failure.

A. Key Design Parameters

In the original design for BONES, the main objective was to accom-
modate a human arm safely: The upper driving bar was located as far
away as possible from the subject’s head, the lower driving bar was lo-

cated as far away from the rib cage as possible, and the shoulder origin
was offset from the center of the robot to better accommodate a patient.
TEC and BEC were designed close together, in order to minimize the
risk of collision with the subject’s lap and head. After the first proto-
type of BONES was built with design values, which were presented
in a conference proceeding [18], we observed that the design had a
flaw in that the Jacobian was somewhat ill-conditioned, which causes
poor manipulability [20], [21] in certain directions. For example, with
the arm in the position shown in Fig. 2(a), the robot was barely strong
enough to lift its own weight. For the given pneumatic cylinders and an
air pressure of 6.2 bar (90 lb/in2 ), the system was not able to generate
the desired cylinder forces, due to the fact that in order to move the arm
up, i.e., about θ2 , the robot had to provide additional external rotation,
i.e., about θ3 , to compensate for the moment arm, which was produced
by the forearm against gravity: The Jacobian mapping the forces from
cylinder space to the end-effecter space was poorly conditioned. Be-
cause of the relatively short distance between TEC and BEC, the robot
presented a reduced moment arm to generate the required external ro-
tation torque [see Fig. 2(c)]; therefore, substantial actuator force had to
be invested to overcome the external rotation, which leaves a reduced
amount of force to lift. A possible solution to this problem would have
been to increase the maximum force capability for the cylinders with
the increase of the cylinder bore and/or the supply air pressure. This
solution would have made the robot capable of generating the required
torques at the positions with a poorly conditioned Jacobian; however,
at the same time, it would have made the robot much stronger in the
regions where the Jacobian was already well conditioned, thus making
the device undesirably strong and less backdriveable.

In order to make the robot stronger in the critical regions while main-
taining the same air supply pressure levels as well as the geometry of
the existing pneumatic cylinders, the design itself had to be modified.
To assess which design parameters from the original design were the
best to modify the torque mapping for the shoulder, we considered sev-
eral aspects of each of the points, which were described in Fig. 4. First,
the mechanical modification had to be simple, with as few operations
as possible. Second, the new design had to preserve or improve sym-
metry in order to allow the robot to be easily reconfigured between left
and right arm configuration. Third, the modified parts had to preserve
a safe distance between the robot and the patient’s body. Finally, the
modification had to be reasonably priced.

Taking into account all the previously described aspects, we dis-
carded modification of any of the points, which are located in the “dia-
mond” area [cylinder bottom left (CBL), cylinder bottom right (CBR),
cylinder top left (CTL), cylinder top right (CTR), bottom tetrahedron
vertex (BTV), and TTV] because of their geometrical complexity. Fur-
thermore, modification of any of these points would lead to having
different cylinder strokes (see Fig. 4); therefore, we would have to re-
place the cylinders and make the redesign costly. Modification of the
location of top yoke (YT) and bottom yoke (YB) was also discarded
due to the fact that these two points were already designed to provide
symmetry and simplify the left/right arm reconfiguration of the robot.

We chose to modify S, TEC, and BEC because of the mechani-
cal simplicity of the joints and the potential to improve the overall
symmetry of the robot, while a cost-effective solution is offered.

In order to preserve vertical symmetry, we constrained the coordi-
nates of S to change only in the y-direction (see Fig. 5). We defined
p1 as the distance between the original location of S and the optimal
S along the y-axis. To increase the external rotation torque capability,
we had to increase the distance between TEC and BEC. At the same
time, to maintain safety, we allowed TEC to change only in the pos-
itive x-direction, i.e., upward and away from the elbow joint. For the
same reason, we constrained BEC to change only in the y-direction,
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Fig. 5. Simplified BONES model (a) before optimization and (b) after opti-
mizing. (a) and (b) TEC is labeled as (1), BEC is labeled as (2), and S is labeled
as (3). Some components have been hidden for purposes of clarity.

i.e., horizontally and away from the elbow. Furthermore, we decided
to vertically align TEC and S to improve the symmetry factor of the
optimized design. We defined p2 as the vertical translation of TEC,
and p3 as the horizontal translation of BEC away from the subject’s
body. Fig. 5 shows the direction of each parameter’s variation and their
location before and after the optimization process.

To increase the capability of the robot to lift, it was desirable to
reduce the distance between S and the plane that contains YT and
YB in order to reduce the additional torque, which was required to
balance the arm against gravity. For this reason, p1 had a significant
influence on the capability of the robot to lift the weight of the arm
and the exoskeleton. Parameters p2 and p3 had a limited effect on the
arm-weight-lifting capability, yet both parameters had the potential to
fine tune the shape of the force representation and reach our goal.

B. Workspace Representation: Polyhedral Volume

We represented the shoulder-joint-torque capability of the robot at
any given arm configuration as a 3-D vector of torques, i.e., τ1 , τ2 ,
and τ3 , as shown in Fig. 3, which were created by the forces that were
generated by the four pneumatic cylinders in the “diamond structure”
(see Fig. 4). The force/torque mapping from cylinder coordinates to
shoulder joint coordinate was given by

τ = JT C (1)

where τ is the joint torque vector, C is a 4-D vector of cylinder forces,
and JT is the transpose Jacobian matrix of the mapping for a given
configuration [21]. Although there are a total of five pneumatic cylinder
that generate four arm torques, i.e., three for the shoulder and one for
the elbow, we reduced the overall Jacobian (five actuators mapping
onto 4 DOF, J ∈ R

5×4 ) to a subset J ∈ R
4×3 , which maps the four rear

actuators to the three shoulder torques. This was possible due to the fact
that the elbow actuation is decoupled from the four shoulder actuators.
To define the transformation between the four rear actuators and the
shoulder torques, we distinguished three intermediate stages. The first
stage transformed the velocity vector of the pneumatic cylinders into
velocity vectors for TTV and BTV (see Fig. 4). In the second stage,
we used the velocity of these two points to determine the velocity of
BEC and TEC. Consequently, in the third phase, we transformed the
velocities of BEC and TEC into shoulder velocities, i.e., θ̇1 ,θ̇2 , and θ̇3

from Fig. 3. Detailed derivations for each stage and the full derivation
of the Jacobian equations can be found in [22].

The rear “diamond structure” in BONES is composed of four dual-
actuated Bimba PFC-175-XBLP cylinders with 3.8 cm (1.5 in) bore and
a 14 cm (5.5 in) stroke. With an air-pressure supply of 6.2 bar (90 PSI),
each cylinder is capable of generating forces, which range from−628 N
(“maximum pull”) to +709 N (“maximum push”). The force in each
cylinder is controlled by two proportional MYPE-5-1/8 LF-010B Festo

valves: one for each cylinder port. The cylinder-force controller was
based on [23], which included an experimentally validated mapping
of the required valve spool voltage as a function of desired mass-flow
rate and chamber pressure. We obtained a level of control, which was
comparable with the one described in [23].

Our controller is able to generate forces between “maximum push”
and “maximum pull” for each cylinder independently. The set C of all
possible cylinder forces is the convex hull of the vertices Ci of the set.
These vertices correspond to the points at which each cylinder is work-
ing at full capacity in either direction (“maximum push” or “maximum
pull”). Because BONES uses four cylinders to create shoulder motion,
there are 16 unique Ci , i.e., 16 different combinations of four cylinder
forces, which are working at maximum capacity in either direction.
Thus, C is defined as follows:

C =
16∑

i=1

Ciwi (2)

where �w is a vector such that
∑16

i=1 wi = 1 and wi ≥ 0 [24].
The cylinder force capabilities are independent of one another by

assuming an ideal pressure supply. Thus, the set of cylinder forces is
convex. The set of torques for a given configuration is the linearly
transformed set of forces. Because a linear transformation does not
change convexity of a set, the torque space is also convex.

Using (1) into (3), we transform C into the convex hull of all the
possible shoulder torques τ , which is defined as follows:

τ =
16∑

i=1

JT Ciwi =
16∑

i=1

[
τi,1

τi,2

τi,3

]
wi (3)

where �w has the same constraints as in (3).
The shape of this polyhedron characterizes the strongest and weakest

directions of motion, and it is directly related to the shape of the
manipulability ellipsoid [20]. As suggested by Merlet [20], we used
the polyhedral representation because it represents a more realistic
portrait of our torque-generation capabilities, as compared with the
manipulability ellipsoid. A more uniform polyhedral volume indicates
that the robot is capable of transitioning from a particular position to
another with no preferred direction. In such a situation, the robot has
a well-conditioned Jacobian [see (1)]. A narrow polyhedron with an
elongated dimension shows a preferred (stronger) direction of motion
in that configuration. In such case, the Jacobian is poorly conditioned. It
is desirable for a robot to be manipulable, i.e., to be able to move freely
with similar effort in any direction, for any given configuration [21].

C. Design Optimization of the Workspace

We started the design-optimization process by determining the value
of p1 that allows BONES to achieve the highest arm-weight-lifting
capability without decrease of the safety of the robot: Change in p1

affected the location of the two driving bars, which potentially bring
them closer to the patient, as shown in Fig. 6. We defined our cost
function as the average ϕ∗ across a range of arm configurations �θk

max
p 1

1
n

n∑
k=1

ϕ∗(�θk , p1 ) with 0 < p1 < 40 (4)

where ϕ∗ is the maximum weight-lifting torque (about θ2 ) that the
robot can exert on a subject’s arm for a given configuration, and n =
210 shoulder configurations were uniformly distributed in the shoulder
workspace by 15◦ increments along the RoM, as described in Table II.
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Fig. 6. Moving S too much along the y-axis reduces the safety factor. For
some configurations, some parts interfere with the patient’s thorax and neck
(circled areas, right). TEC is labeled as (1), BEC is labeled as (2), and S is
labeled as (3). Some components are hidden for clarity.

We determined the maximum lifting torque at a given configura-
tion �θk = (θ1 , θ2 , θ3 ) and p1 using

max
w

ϕ =
16∑

i=1

wiτi,2

s.t.
16∑

i=1

wiτi,1 = 0

16∑
i=1

wiτi,3 = 0

16∑
i=1

wi = 1

wi ≥ 0. (5)

Equation (6) determines the maximum arm lift (τ2 ), while it is en-
sured that no torques are applied in the other directions. Geometrically,
this corresponds to the highest point of the τ2 -axis in the convex hull τ
(4). The convexity of the set guaranteed a unique solution for ϕ given
�θk and p1 [24]. Equation (6) was in the form of a linear-programming-
optimization problem. We solved it by the use of linprog, i.e., a linear
problem solver, which was included in the optimization toolbox in
MATLAB [25]. We set linprog to choose an initial condition automati-
cally and return the maximized value φ∗(�θk , p1 ). This suboptimization
was solved at each iteration of (5).

To solve (5), we used the constrained nonlinear multivariable func-
tion solver fmincon, which is also included in the optimization toolbox
in MATLAB. Given a set of initial conditions, the solver attempts to
find a minimizer p1 for (5), subject to a set of lower and upper bounds
on the design variable: 0 cm ≤ p1 ≤ 40 cm. This bound corresponded
to the maximum range in the structural frame along which we could
potentially move S [in the direction of the positive y-axis in Fig. 5 (a)].
Additionally, this bound served as a safety measure because translat-
ing S to far away from the sagittal plane would bring the driving bars
(YT–TEC and BY–BEC; see Fig. 4) closer to the patient’s head and
torso (see Fig. 6). In addition, we set the minimum change in the op-
timization variable for finite-difference gradients to 0.01 cm in order
to match the tolerance of our fabrication process. The initial condition
was set to p1 = 0.00 cm, which corresponds to the location of S before
the optimization process [see Fig. 5 (a)].

According to [26], the human arm generates levels of torque as
high as 10 N·m for typical activities of daily living (ADL). In order
to verify that BONES could excel past this 10 N·m threshold, we
plotted the results of (5) as a ratio between ϕ∗ and 22 N·m (10 N·m

Fig. 7. Optimization of the arm-weight-lifting capability, which is expressed
as a ratio over 22 N·m, as a function of p1 . The optimal value appears at
p1 = 17.12 cm, with a corresponding maximal ratio of 1.89 (89% exceeding
over the 22 N·m threshold).

Fig. 8. Comparison between the design in left and right arm configuration,
before and after the optimization method. Labels indicated the number of parts
that need to be disassembled in order to configure the robot from right to left arm
or vice versa. In both designs, during the reconfiguration process, the sliding
bars need to be disengaged from TEC and BEC, which are labeled as 1 and 2,
respectively. In the original design, an additional third part, which is labeled as
3, needed to be disassembled for the reconfiguration process.

for the arm plus 12 N·m to lift the weight of the exoskeleton). The
arm-lifting ratio as a function of p1 is shown in Fig. 7. Although the
results of the optimization method would encourage to set p1 , which
correspond to the highest ratio (p1 = 17.12 cm, ratio = 1.89), we took
into consideration the benefits of preserving symmetry, as previously
described. By offsetting p1 to 20.32 cm (8 in), we translated the shoulder
to the sagittal symmetry plane of the supporting frame. If the robot had
to be reconfigured from left to right arm configuration, any point that
was located on the sagittal plane would remain in the same location;
therefore, it reduces the number of parts that need reassembly during
the reconfiguration process. Fig. 8 shows the original design and the
optimized one for the left and right arm configuration. In the optimized
design, we reduced the number of parts that need to be reassembled
from three to two.

Before the optimization, the robot was not able to generate 22 N·m
for some directions; therefore, the required torque space sphere was
partially exposed. After optimization, the robot exceeded 22 N·m in
all directions and the sphere was fully covered by the convex hull (see
Fig. 9).

After the optimal value for p1 was determined, we continued the
optimization process with p2 and p3 . For these two parameters, our
goal was to optimize the ratio between the shortest and the longest
axis of the polyhedral volume in order to discourage any undesirable
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Fig. 9. Shoulder-joint torque capacity represented by a polyhedral volume.
(a) For some specific direction, the originally designed robot cannot achieve
22 N·m, represented by a sphere. (b) After adjusting three design parameters,
the robot exceeds 22 N·m in all directions with the arm in the home position.

direction to be stronger than the rest. By making the major axis and the
minor axis similar, we were reshaping an ellipsoid-like volume into a
sphere, therefore, equalizing the maximal applicable strength for any
given direction. This ratio is related to the condition of the Jacobian
matrix and the manipulability of the robot [20], [21]. When a Jacobian
matrix is poorly conditioned in a given direction, the singular value,
which corresponds to the vector in that direction, is small in comparison
with the other singular values of the Jacobian. The poorly conditioned
singular value will cause difficulties in the numerical calculation along
that direction, as if we were approaching a singular point [20], [27]. The
forces along the vector, which is associated with that singular value, will
be very low, as compared with better conditioned directions, i.e., with
lower condition numbers. Therefore, it is desirable that the Jacobian
matrix remains as well conditioned as possible, with condition numbers
as low as possible in all directions. A well-conditioned Jacobian will
translate directly into a system, which is capable of generating similar
forces in all directions.

The optimization function that we used to maximize the manipula-
bility of the robot was

max
p 2 ,p 3

1
n

n∑
k=1

1

cond(J(�θk , p2 , p3 ))

with 0 < p2 < 10

and 0 < p3 < 10 (6)

where cond is a function that determines the condition of the Jaco-
bian matrix in terms of �θk , p2 , and p3 . Prior to the optimization
process, an initial brute force sweep across the mapping estimated
the existence of local minima/maxima. This initial sweep was cal-
culated for −20 cm ≤ p2 ≤ 20 cm and −20 cm ≤ p3 ≤ 20 cm, but
during the optimization process, the variable boundaries were set to
0 cm ≤ p2 ≤ 10 cm and 0 cm ≤ p3 ≤ 10 cm due to the mechanical
restrictions in the original design and to discard solutions, which lead
to undesirably large parts that would reduce the overall safety of the de-
sign. Initial conditions were set to p2 = 0.00 cm and p3 = 0.00 cm. We
used the same minimum step size of 10−2 cm, as described previously.
The condition as a function of p2 and p3 is shown in Fig. 10.

After implementation of the optimized hardware modifications, the
performance of BONES improved substantially. First, the arm-weight-
lifting capabilities, which were measured as the average vertical force
with respect to arm weight across the entire workspace, increased from
63% to 189% of typical human-arm weight. Second, the torque distri-
bution has presented a more homogeneous scenario, which decreases
the dominance of τ1 and, consequently, reduces the undesirable exis-

Fig. 10. Optimization of the conditioning ratio as a function of p2 and p3 .
The optimal value appears at p2 = 5.72 cm (2.25 in) and p3 = 7.62 cm (3 in),
with a corresponding conditioning ratio of 0.53.

TABLE I
TORQUES APPLIED BY OR TO THE ARM [IN N·m]

TABLE II
ROM OF BONES [30]

tence of a preferred direction of motion (see Table I). Additionally, the
optimization improved the external rotation RoM by 25%, with respect
to the original design. The other DOF did not change significantly (see
Table II). The RoM of BONES accommodates most rehabilitation ac-
tivities that were involved in ADL. Although the range of elbow flexion
(θ4 ) in BONES covers only about 50% of the typical range, which was
suggested by Perry et al. [28], we designed the elbow mechanism to
provide full elbow extension, while the maximum elbow flexion was
limited to 90◦. Similarly, for internal/external rotation [θ3 , Fig. 2(c)],
we limited the rotation mechanism that prevents it from internally ro-
tating the arm (negative rotation about θ3 ) below the configuration,
which was shown in Fig. 2(a), in order to prevent shoulder pain. The
range of external rotation with BONES is adequate for ADL exercises
that involve this movement.

The shoulder mechanism, before and after the optimization process,
is shown in Fig. 8, where the right and the left arm configurations are
compared, and the number of parts that were required to reconfigure
the robot are labeled.

III. CONCLUSION

This paper has presented the design and kinematic optimization pro-
cedure for BONES: a novel robot that allows naturalistic motion of the
human arm with the use of mechanically grounded, direct-drive actua-
tors at the shoulder. Direct-drive actuation is achieved with a relatively
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simple mechanism, which was inspired by the human forearm. The
optimization procedure presented here shows that the force-generating
capacity of this mechanism is very sensitive to its kinematic param-
eters. However, following the optimization technique described here,
the mechanism’s RoM, inertia, and force-generating capacity match
well with the human arm.

Since April 2009, we have been using BONES in a rehabilitation
clinic to retrain arm-movement ability after stroke, with the use of
the adaptive control algorithms that were described in [31]. BONES
is allowing us to rigorously test whether functional transfer of robotic
therapy is improved with the practice of naturalistic arm movements.
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Detecting Region Transitions for
Human-Augmented Mapping

Elin A. Topp and Henrik I. Christensen

Abstract—In this paper, we describe a concise method for the feature-
based representation of regions in an indoor environment and show how it
can also be applied for door-passage-independent detection of transitions
between regions to improve communication with a human user.

Index Terms—Human–robot interface, semantic mapping, space
segmentation.

I. INTRODUCTION

In this paper, we aim to develop a case for a concise method for
the segmentation of an indoor environment into a topological-graph
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