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ABSTRACT

Background: Robotic ultrasound visualises internal organs in real-time for various medical applications without the harm of X-

rays. The ultrasound probe is attached to the robot's end effector using custom-developed probe holders. This paper analyzes the

impact of different probe holder geometries on the robot's base placement and reachability.

Methods: We propose a method to improve probe holder geometries and robot base placements to enhance reachability,

validated using a 7-DoF serial manipulator (KUKA iiwa 7) for ultrasound scans of multiple subcutaneous body parts.

Results: Without additional space restrictions, the number of robot base positions with high reachability could be strongly

increased with an improved probe holder geometry. Under space constraints, previously unreachable target poses became

accessible by adapting the probe holder geometry.

Conclusions: Our method provides an automated solution for determining improved probe holder geometries, enhancing

reachability to target areas, especially when the robot's placing area is limited.

1 | Introduction

Ultrasound (US) imaging offers several advantages for diag-
nostic and interventional procedures. These include freedom
from ionising radiation, good soft tissue contrast, high flexi-
bility, and real-time image acquisition. Furthermore, US can
provide real-time volumetric image data (4D US) [1]. In com-
bination with a robotic system, precise and repeatable images
can be acquired in an automated manner [2]. Robotic US thus
represents a promising approach for automated diagnostic and
interventional use.

An important factor for successful robotic US examinations is
the positioning of the robot's base to the patient. The robot
must be positioned in such a way that the target poses can be
reached within the robot's working range. Furthermore, the

corresponding joint configuration with which a defined target
pose can be achieved determines the ability to alter the pose of the
end effector, which is referred to as reachability. A higher
reachability means a greater range of possible movements in this
specific configuration, which is beneficial for the robot's motion
planning.

The ability to calculate a quality index for defined poses of a robot
offers a benefit for a number of applications in the field of robot
manipulation. It is applied, for example, to support decision-
making processes such as the selection of appropriate grasping
poses in humanoid robotics [3]. In this context, evaluation of the
manipulability or reachability of a robot are well-known methods
to assess the ability to manoeuvre in a given workspace [3, 4].
Yoshikawa first introduced a manipulability index as a quality
measure for redundant manipulators [5]. With this index the
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distance to singular configurations can be described. In other
words, it can be quantified how easily the position and orientation
of the end effector can be adjusted in a certain configuration [6].
This approach was extended to also take into account joint limits
and obstacles [3]. Other methods described in the literature are
based on the concept of filling a voxelised grid, either in 3D (only
end effector positions) or 6D (end effector positions and orienta-
tions), with information on how well corresponding grid voxels
can be reached by the robot. This can be, for example, the total
number of all valid inverse kinematics solutions at the corre-
sponding voxels [4, 7]. As a result, a reachability map (RM) is
generated. Due to the discretised representation, the reachability
entries can also be interpreted as a probability whether a posein a
corresponding voxel will lead to a valid inverse kinematics (IK)
solution or not. For this reason, the term reachability distribution
is sometimes used [3].

To find optimal robot base placements for defined TCP paths,
reachability inversion can be used. For this purpose, RMs are
inverted resulting in inverse reachability maps (IRMs) [7-10].
IRMs characterise the reachability of a given TCP pose relative
to the robot base pose as defined in the TCP's reference frame.
These approaches often refer to mobile manipulators or hu-
manoids allowing free base or stance placement. Orientation-
based reachability maps were introduced, which allow to
incorporate of different tool geometries and task paths specified
in the tool frame [11]. Other constraints, such as the surface
geometry, can be included as shown in Birr et al. [9].

In addition to the placement of the robot base, the trans-
formation from the robot flange to the tool centre point (TCP)
influences the reachability of the defined TCP's target poses.
This transformation can be designed according to the clinical
setup to obtain an appropriate geometry of the probe holder. An
approach for co-optimisation of robot, environment, and tool
design concerning motion planning is described in Toussaint
et al. [12] Depending on the application, the robot geometry and
the design of the tool can be adapted, thereby increasing the
effectiveness of the execution of the corresponding task. How-
ever, the resulting robot geometries are currently only theoret-
ically possible, as custom link shapes are required. In the
context of robotic US, a kinematic optimisation for the design of
a collaborative robotic end effector for tele-echography is pre-
sented [13]. Here, the base position and the tool geometry of a
robot concerning a manipulability measure are optimised for
different poses on a patient.

Our research has a similar goal, but we take a different approach:
instead of obtaining one optimal value for the base position and
tool geometry [13], our approach consists of calculating the dis-
tributions of possible base positions for defined target poses in the
context of robotic US. These distributions could be used to
simplify the placement of a robot. Furthermore, we analyse how
the reachability of the target poses can be increased by an
improved geometry of the probe holder.

2 | Methods

In this paper we consider a simulated robotic US scenario in
which different areas on top and at the side of a patient are to be

scanned. We propose a method to determine a tool geometry
improving the reachability of the target poses while the robot
base remains in an upright orientation.

This study did not involve any human participants, human data,
or human tissue. As such, ethical approval was not required.

2.1 | Experimental Setup

The experimental setup is shown in Figure 1 and involves a
patient lying on a couch, while a 7 DoF redundant robot (KUKA
iiwa 7) is moving an US probe attached to the end effector by a
custom-developed probe holder. Three different target poses to
be scanned are defined. The target poses are located on the
patient's semi-cylindrical safety shell, with the target orientation
being the surface normal, as shown in Figure 1B. A potential
application is a robotic US examination of the liver, for which
the probe is placed either centrally on the patient's abdomen
(like target pose 3) or laterally on the rib cage (like target pose 1
and 2). In a more advanced scenario, robotic US could be used
in radiotherapy of liver tumours [14, 15]. Due to the irradiation,
no staff can be present in the treatment room, therefore a robot
is ideal for holding the US probe. It is important that the correct
positioning of the robot is planned in advance to avoid inter-
rupting the treatment.

The safety shell around the patient in Figure 1 represents the
area in which no part of the robot, except for the US probe
holder, must be located. We consider two scenarios for potential
robot placements. In scenario 1 both sides of the patient are
available for robot positioning. In scenario 2 the possible loca-
tions for the robot are reduced due to the consideration of a
forbidden translucent red box as shown in Figure 1A which
represents an area for other medical equipment (e.g., a linear
accelerator (LINAC)) or medical staff on one patient's side.
Thus, the target pose must be approached from the other side of
the patient, which makes it more difficult to reach the pose.

The probe holder's geometry is defined by the transformation
“Tip from the end effector to the TCP. We define the reference
probe holder geometry as a pure translational extension of 0.1 m
in the z-direction of the end effector (see Figure 2A). The length
of 0.1 m of the probe holder represents the minimum possible
length for the straight attachment of our experimental US probe
to the end effector. This setting allows us to use a small probe,
but the cable must be bent for mounting. For the adapted tool
geometries, the tool length is held constant, but it is attached to
the end effector at a variable angle, represented by a rotation
matrix Ry (see Figure 2B). Thus, the probe holder geometry for
a target pose j is defined by the following transformation matrix:

0 100 0
e R 0 010 0
ep 0 0 01 01
000 1 1 0 0 1
Rii Rz Riz 0.1 Ry3
_|R21 Raz Rpsz 0.1Rys a)
Rs1 R3z Rz3 0.1Rsz3
0 0 0 1
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FIGURE 1 | (A): Experimental setup consisting of a patient couch and a redundant robot (KUKA iiwa 7). For optimal robot base placement, we
consider two scenarios, where in scenario 1 the robot can be positioned on both sides of the patient. In scenario 2, one patient side is restricted, for
example by other medical equipment or staff, represented by the translucent red box. For example, the rotating irradiation unit of a LINAC could
occupy one side of the patient to irradiate a certain target in the body, which is tracked using robotic US. (B): Target poses 1, 2 and 3 to be

scanned by US probe.

FIGURE 2 | (A): Reference probe holder geometry, which is only a translational extension to the end effector by 0.1 m. (B): Example of an adapted

probe holder geometry, where a rotation R is applied to the reference tool geometry.

2.2 | Generation of Reachability and Inverse
Reachability Map

We use an inverse reachability map (IRM) to determine suitable
robot base poses with high reachability for a defined target pose.
The IRM is created from a reachability map, which is first
explained below.

2.2.1 | Workspace Sampling

The desired reachability map to be generated is a 6D map that
represents the values for the reachability of every end effector
pose in the workspace of the robot. First, a 3-dimensional grid
with a resolution of 0.1 m is created as visualised in Figure 3A,
resulting in 2601 voxels. Every voxel is represented by a unit
sphere whose centre is the end effector position. To achieve a
uniform distribution of the end effector orientations, 50 points
are evenly distributed on the surface of each unit sphere by
minimising the electrostatic potential energy of a system of
charged particles [16]. The direction from any point on the
surface to the centre of the sphere represents the direction of the
“z-axis, as shown in Figure 3B. The “x- and “y-axes are
tangential to the sphere surface. Each of these end effector
orientations is additionally rotated around its “’z-axis in a range
from —180° to 150° in 30° steps, which results in a variation of
the directions of the “x- and ““y-axes. For the sake of clarity,
only three of these 12 rotated poses belonging to one “z-axis
orientation are shown in Figure 3C. In summary, for each of the

2601 end effector positions, 600 different orientations are
considered. This leads to a total number of 1,560,600 sampled
poses, for which reachability values must be calculated and
stored in the RM.

2.2.2 | Measure of Reachability

To calculate values for reachability corresponding to the
sampled poses, all poses are searched for valid solutions for
inverse kinematics. Since a redundant robot is used, the elbow
angle is specified as an additional varying parameter to take the
nullspace into account. The elbow angle is defined as the angle
which describes the rotation of the elbow around the axis from
the shoulder to the wrist. Thus, each of the 1,560,600 poses is
checked for solutions of inverse kinematics, varying the angle a
of the elbow uniformly in 15 steps of 24° between 0° and 336°.
The joint configurations g; , resulting from the analytical inverse
kinematics calculation [17] for all elbow configurations a
belonging to a sampled pose i are checked for joint limits and
self-collisions and stored. The reachability value for each 6D
entry of the RM is calculated as follows:

D;= g\/det<l(%,a) "I(qi,a)T> @)

In Equation (2), J(qi,a) represents the Jacobian of the configu-
ration gq; 4, where i is the respective grid pose and a the robot's

3 of 11



elbow angle. We calculate the sum of Yoshikawa's manipula-

bility indices v/detJ - JT for all possible configurations to reach a
defined pose i [5]. Yoshikawa's manipulability index represents
a measure of how well an adjustment is possible in the
respective configuration [3, 5]. Thus, high values of D; represent
high reachability of the robot at the corresponding pose i in
the RM.

2.2.3 | Reachability Inversion

The reachability of the robot flange from Section 2.2.2 is defined
w.r.t a fixed robot base pose. The RM consists of tuples (T, D;),
where T; are base-to-flange transformations and D; are corre-
sponding reachability values. Inverting the reachability data will
lead to potential base poses for a fixed flange pose in the
workspace. To generate an IRM, a second voxelised data grid is
filled by tuples (T; !, D;), where T; ! represents the inverted
poses of the RM, that is the flange-to-base transformation [8].

2.3 | Robot Base Placement

The procedure for finding safe and valid robot base poses is
illustrated in Figure 4. First, the IRM is used to determine all

potential robot base poses (see Section 2.3.1) which also include
those with an oblique base. In a realistic use case, the orientation
of the robot's base is fixed and upright, and hence, the poses with
an upright base are extracted from the set of all potential poses.
For the remaining inclined robot bases, we calculate the required
rotation matrix of the tool transformation so that the robot base is
aligned upright and the transformation from the base to the end
effector remains the same (see Section 2.3.2). Finally, all robot
configurations used to calculate the reachability values belonging
to the upright base positions are checked for collisions with the
safety zone (see Section 2.3.3). If collisions are detected, these
joint configurations are not possible and corresponding reach-
ability values must be reduced accordingly.

2.3.1 | Potential Robot Base Poses

The IRM was generated for end effector poses (see Sec-
tion 2.2.3). This means that end effector poses must also be
provided to use the IRM for determining potential robot base
poses. For this purpose, the end effector target poses Purger,ee,j
associated with the TCP target areas (target pose 1, 2, 3) are
calculated by

— icp
P target,ee,j — P target,tcp,j* Tee,ref (3)

FIGURE 3 | (A): Considered workspace of the robot, consisting out of 2601 positions represented by the centres of unit spheres. The dimensions of
the workspace are x € [ —0.8,0.8], y € [ — 0.8, 0.8] and z € [0, 1], the resolution is 0.1 m. (B): 50 orientations of the “z-axis (shown in blue),
defined by the direction from uniformly distributed points on the surface to the centre of the sphere. (C): Each of these 50 orientations is

additionally rotated by 30° steps in a range from —180° to 150° to include all possible rotations around the “z-axis. To provide a better

overview, only three rotations are shown. The “x-axes are red, while “y-axes are represented by green arrows.

4Wnrldz

B j.gria

Bi,j,grid,up

ee
‘ P thp

target
Lt

FIGURE 4 | Base Placement Process. (A): Exemplary potential robot base pose B jgrid, Where the

base,

Z-axis is aligned obliquely. (B): The oblique

base was aligned upright by applying transformation T,, and shifted accordingly so that the end effector position is retained. The resulting

base position is referred to as Bjjgrid,up-
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where j is the corresponding goal pose index and “PT,, . rep-
resents the transformation from the TCP to the end effector for
the reference probe holder geometry without any rotation at the
end effector (see Figure 2A). All potential robot base poses B;;
for the end effector target pose Piargereej Can then be determined
by multiplying the end effector target pose with the trans-
formations T; ! of the IRM.

Bi,j = Ptarget,ee,j . ’1—1!71 (4)

Each of the potential robot base poses is assigned the corre-
sponding reachability value D; (see Equation 2) from the tuple
(T; ', D;) of the IRM. The potential base poses are allocated to a
5D grid with a resolution of 0.1 m for the x-,y- and z-coordinates
of the grid points. For each grid point, representing the positions
of the base, 25 different orientations of the *‘z-axis are
possible, with a maximum inclination angle of 90°, so no robot
bases hanging downwards are considered. Again, the "*z-axis
orientations are defined by the direction from uniformly
distributed points on the surface to the centre of a unit-sphere.
A nearest neighbour algorithm is used to assign each of the
potential base poses B;; to the nearest entry in this 5D grid,
referred to as B;jgiq. The respective reachability values
belonging to a grid entry are averaged. So far, no constraints
have been applied to the potential robot base poses. This means
that any position and inclination of the **z-axis of the robot is
possible, exemplarily shown in Figure 4A.

2.3.2 | Compensation of Base Orientation Constraint by
Tool Geometry

In our scenario, the robot base position can be varied in x-,y- and
z-directions as long as it does not fall within the range of the
safety zone. Moreover, we assume that the base is oriented in an
upright position, with rotations around its **“z-axis possible.
This assumption is made because it represents a realistic sce-
nario, with a robot available in the treatment room, mounted
upright on a mobile platform. Thus, the robot's base position
can be varied in x- and y-direction and rotated around its ***°z-
axis. Furthermore, the height of the patient couch can be
adjusted, and thus the relative displacement between the robot
base and the patient in z-direction.

Out of all possible base poses Bjjgria Of the robot, there are
only a few for which the **z-axis is already aligned in the
direction of the “°z-axis. Many base poses with high
reachability values are orientated obliquely. For this reason,
our goal is to calculate a tool transformation to compensate
for oblique orientations of the robot's ***z-axis and thus be
able to improve the reachability of an upright-oriented robot
for specific target poses. For this purpose, the necessary
rotation matrices are calculated to rotate the obliquely ori-
ented robot bases Bjjgiq to be upright. This is done by
determining the axis u and angle 6 between the oblique **z-
axis z;jon and the upright worldy_axis Zup:

W= Zij,obl X Zup
W ||Zi,j,obl X Zup”

(5

ei _ COS_l ( Zijobl * Zup ) (6)
! l1Zi0btll - I|Zupll

The robot is rotated by the transformation matrix Tj,, corre-
sponding to the rotation by axis u;; and angle 6;;, which results
in the following robot's base pose:

Bijgridup = Tijup(, 0) - Bijgria (7

The base of the robot is now aligned upright, but the pose of
the end effector has changed to Tij. as a consequence of
the rotation. The translational shift between the end effector

pose before (T,) and after (Ti,j,ee> the rotation is calculated
and expressed as a transformation matrix Tj..,. Then, this
shift is compensated for by relocating the base Ei,j,g,id,up
accordingly:

Bi,j,grid,up = E,j,err . Bi,j,grid,up (8)

The corrected base pose B;jgridup €nsures that the end effector is
positioned as before (Figure 4B). However, there is still a dif-
ference in the desired end effector orientation. This difference is
compensated for by a corresponding rotation R;j 0 applied to
the tool geometry, as shown in Equation (1) and Figure 2B. The
required tool rotation Ry, is calculated by:

~-1
Ri,j,tool = RiJ,ee : Rj,ee (9)

Rije represents the orientation of the end effector after the
robot has been rotated by T,,(u, 6) to ensure an upright base
alignment and R is the desired end effector orientation for the
target pose j. The number of compensating tool rotations
calculated in this manner therefore corresponds to the number
of possible different base orientations B;;. The tool rotations
Rij 1001 are clustered with the corresponding base rotations to be
compensated and the mean value is determined. This results in
25 different tool geometries “PT,,,; in our example, where ¢ is
the index of the tool geometry and i the target pose. Thus, we
can reduce the 5-dimensional distribution of all potential base
poses Bijjgria to 25 different 3-dimensional distributions B grid,up
of upright base poses with respective tool transformations.

2.3.3 | Collision Check

The calculation of the reachability value D; associated with a
pose T, ! in the IRM is based on the sum of Yoshikawa's
manipulability indices of all possible configurations that can be
used to approach this pose (see Equation (2)). The angle of the
elbow is varied in discrete steps. The more positions of the ro-
bot's elbow are possible, the higher the reachability value.
However, this does not take into account the fact that a robot
configuration may not be possible due to obstacles, which would
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reduce the reachability value. For that reason, all robot config-
urations used to calculate the reachability values belonging to
the upright base poses B;jgriqup are checked for collisions with
the safety zone. To do this, the positions of all robot joints are
evaluated to determine whether they are located inside the pa-
tient safety zone. If collisions are detected, these joint configu-
rations are not possible, and corresponding reachability values
are reduced accordingly. We denote the corrected reachability
values for the upright base poses Bjjgriqup as Dicor-

2.3.4 | Base Poses Visualisation

The adapted base positions B;jgriqup and their associated
reachability values D;., are finally assigned to the corre-
sponding closest voxels of a 3-dimensional grid. For each grid
voxel, the reachability values D;,, of the closest base positions
are averaged. Thus, a grid voxel with its associated reachability
value describes the probability of how suitable this position is
for placing the upright robot base to reach the TCP target poses.
To facilitate comparability, the reachability values associated
with base positions are normalised to the highest occurring
value of the respective target in scenario 1. For visualisation
purposes, the grid voxels are represented as coloured spheres
(e.g., see Figure 5). The colours range from blue, through green
and yellow to red, with blue representing low reachability and
red representing high reachability.

3 | Results

We aim to automatically determine the selection of an adapted
tool geometry and thus increase the number of potential base
positions with high reachability of an wupright-orientated
robot. Thus, we calculated distributions of upright base

positions Bjjgridup for respective tool transformations T 0 (see
Section 2.3.2) for three defined target areas target pose 1, target
pose 2 and target pose 3 in two different scenarios. For eval-
uation purposes, we count the number of base positions with a
high reachability value that can be realised by applying a
corresponding tool transformation. In our example, we there-
fore have 25 different distributions of upright base positions
per target pose. In the following, we show the best distribution
for each target pose and the scenario under consideration. The
distributions of the base positions without adapted tool ge-
ometry (“PT,,,.s) are used for comparison.

3.1 | Scenario 1: No Additional Workspace
Restriction

In scenario 1, the robot's base can be located on both sides of the
patient as long as the safety box is not violated. The respective
distributions with the largest number of base positions having a
reachability value greater than 0.75 are shown in Table 1 and
compared to the values derived from the base positions without
corrected tool geometry (“PT, ). In addition, we visualise the
base positions in Figures 5, 6 and 7. The resulting tool geome-
tries are shown in Figure 8.

For target pose 1 we could increase the number of base positions
with a reachability value higher than 0.75 from 58 to 89 by using
an adapted tool geometry, which is an increase of about 52%.
The respective base positions are visualised in Figure 5 as the
larger reddish spheres. In Figure 5B, many more large reddish
spheres can be seen, as an adapted tool geometry is used
compared to Figure 5A, where the reference tool geometry is
taken. This is confirmed by the histogram showing higher bars
for high reachability values. Furthermore, it can be seen that
reaching the target pose from the other side of the patient can

A 1

0.9 250

0 0.5
reach value

1

0 0.5 1
reach value

FIGURE 5

| Visualisation of upright base positions for target pose 1 in scenario 1. (A) Shows the base positions without adapted tool geometry

(“PToerer). The potential base positions are represented by coloured spheres, with the colour indicating the reachability value. The base

positions with a value of more than 0.75 are shown as larger spheres. Moreover, histograms of the respective distributions are shown.

The visualised coordinate systems consisting of a red x-axis, green y-axis, and blue z-axis, represent the end effector target poses to be
reached. In B, the distribution of base positions for the adapted tool geometry “PT,, .y, resulting in the maximum number of base
positions with a reachability value D;., > 0.75, is shown. Since an adapted tool geometry was used in B, the resulting flange target pose
differs from A, where the reference geometry was applied without any rotation.
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TABLE1 |

Maximum number of possible base positions with a reachability value D; ., > 0.75 for the appropriate tool transformation for scenario

1. In addition, the maximum and mean of the considered reachability values are specified for each target pose. The values for the reference tool

geometry “PT,, s are given for comparison.

No. Of bases Mean Max
Tal‘get area tcpTee,ref tcpne,max tcPTee,re f tcp’I:ze,max tcpTee,re f tcPTee,max
Target pose 1 58 89 0.82 0.83 0.97 0.94
Target pose 2 70 90 0.82 0.82 0.95 0.96
Target pose 3 86 86 0.83 0.83 0.98 0.98
A dl B 1
0.9 250 0.9 250
0.8 0.8
0.7 200 0.7 200
0.6 0.6
€ 150 £ 150
0.53 0.53
N 0.4 0.4
100 100
0.3 0.3
0.2 50 0.2 50
0.1 0.1
0 % 0.5 1 . % 0.5 1
reach value reach value

FIGURE 6 | Visualisation of upright base positions for target pose 2 in scenario 1. In A, the base positions without adapted tool geometry (“ T, )

are shown for comparison. In B, the distribution of base positions for the adapted tool geometry ‘“pﬂze,max, resulting in the maximum number

of base positions with a reachability value D; ., > 0.75, is shown.

A 1 B 1
0.9 250 0.9 250
0.8 0.8
14
0.7 200 0.7 200
0.5 0.6 0.6
€ 150 € 150
0.53 0.53
() o
N 0 0.4 B 0.4
100 100
0.3 0.3
-05 4
02 02 4
-1 4 0.1 0.1
1 0 0 0 0
0 05 1 0 -05 A -0.5 X 0 0.5 1
reach value Y reach value

FIGURE 7 | Visualisation of upright base positions for target pose 3 in scenario 1. In A, the distribution of base positions without adapted tool
geometry (“PT,.r) is presented. It can be seen that this is the same distribution as in B, where the distribution of base positions for the

adapted tool geometry “PT,, max, resulting in the maximum number of base positions with a reachability value D;, > 0.75, is shown.
Thus, for target pose 3, base positioning cannot be improved by an appropriate tool geometry.

now be achieved by using the adapted tool geometry
(Figure 5B).

For target pose 2, 90 base positions of high reachability can be
realised with an adapted tool geometry, as shown in Table 1 and
Figure 6B. This is an improvement of 29% w.r.t the usage of the
standard tool geometry, which only provides 70 positions, as
shown in Figure 6A. The increase can also be seen in the his-
togram bars of high reachability values next to the base distri-
butions, although not as clearly as for target pose 1. Target pose

2 can also only be achieved from the other side of the patient
with an adapted tool transformation.

In contrast, for target pose 3 the tool transformation that leads
to the largest number of base positions with a reachability
value of more than 0.75 is the same as the reference tool ge-
ometry, which is why the same distributions can be seen in
Figures 7A and 7B. In addition, it can be observed, that target
pose 3 can easily be reached from both sides of the patient (see
Figure 7).
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3.2 | Scenario 2: Additional Workspace
Restriction

As can be seen from Figures 5A and 6A, target pose 1 and target
pose 2 can only be reached from one side unless a customised
tool geometry is used. To further investigate that problem, we
now consider another scenario, where the preferred side is
restricted and thus not available for placing the robot's base. For
this scenario, we redetermine respective tool transformations to
enable most base positions on the other side of the patient with
a reachability value D; ., > 0.25 for target pose 1 and target pose
2. The limit value was reduced as almost no base placements
with reachability values in the very high range as previously
analysed (D;qr > 0.75) are possible for these two target poses.
The resulting distribution for target pose 1 is shown in Figure 9B
and for target pose 2 in Figure 10B. The number of possible base
positions has been greatly reduced compared to scenario 1, as a
large part of the possible range has now been restricted, which is
shown by the translucent red boxes. Nevertheless, using adapted
tool geometries, new base placements are found which helps to
reach the target poses from the other side of the patient. This
was previously not possible for both target pose 1 and target
pose 2 without an adapted tool geometry, which is shown in

Figures 9A and 10A, where no coloured spheres can be recog-
nised. By mounting the US probe with a customised probe
holder geometry to the robot, four base positions for target pose
1 and 82 base positions for target pose 2 with reachability
D; cor > 0.25 can be found, also represented by the larger spheres
in Figures 9B and 10B. In addition, this is illustrated by Table 2.
As expected, the average and maximum reachability values
were lower for scenario 2 than in the unrestricted case of sce-
nario 1. The resulting tool geometries are shown in Figure 12. It
can be seen that the large angle (almost 90°) with which the
probe is attached to the end effector increases the range of the
robot. Thus, the target poses can be reached more easily, as the
end effector no longer has to be tilted so much over the patient.

For target pose 3, there is a slight improvement from 42 to 55
potential base positions with a reachability value D;, > 0.75
(see Table 2). Again, this can also be derived from the histo-
grams in Figure 11. As the reachability of target pose 3 was
already very good with the reference tool (see Figure 11A), only
a slight angulation can be recognised for the geometry of an
adapted tool, shown in Figure 12C. In addition, it can be seen
from Table 2 that the mean and maximum reachability values
remain on a similar level as without the adapted tool geometry.

A end B C
effector
0 0 0
us
0.05 Probe 0.05 0.05
eethp
0.1 0.1 0.1
0.15 : : : : 0.15 : : : . 0.15 ‘ : : :
-0.15 -0.1 -0.05 0 0.05 -0.15 -01 -0.05 O 0.05 -0.15 -01 -005 O 0.05

FIGURE 8 | Visualisation of resulting tool geometries “PT,, max in scenario 1. A: For target pose 1 the rotation angle of “P Ty, max is 49.2° with a

rotation axis of (0.99, 0, —0.16)". B: The respective rotation angle of “PTy, max for target pose 2 is 23.3° with an axis of (0.69, 0.36, —0.63)”. C:
For target pose 3, base positioning cannot be improved by an adaption of the reference tool geometry.

0 0.5
reach value

1

e . |
0 0
0 0.5 1
reach value

FIGURE 9

| Visualisation of upright base positions for target pose 1 for scenario 2, where the area for potential base placements is strongly

restricted, represented by the translucent red boxes. In A, no base positions can be found if no customised tool geometry is applied. The target

flange pose cannot be reached from the other patient's side. However, this is possible if an adapted tool geometry is used. This can be seen in B,

where the distribution of base positions for the adapted tool geometry, resulting in the maximum number of base positions with a reachability
value D; o > 0.25, is shown. The base positions with a value of more than 0.25 are shown as larger spheres.
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FIGURE 10 | Visualisation of upright base positions for target pose 2 for scenario 2. In A, no base positions can be found if no adapted tool
geometry is applied. In B, the distribution of base positions for the adapted tool geometry, resulting in the maximum number of base positions
with a reachability value D;¢, > 0.25, is shown. Due to the customised tool geometry, the target pose can now be reached from the other
side of the patient.

TABLE 2 | Maximum number of possible base positions with a reachability value D; ., > 0.25 for target pose 1 and target pose 2) as well as
D cor > 0.75 for target pose 3 for the appropriate tool transformation for scenario 2. The area for the robot to be placed is additionally restricted. In
addition, the maximum and mean of the considered reachability values are specified. The values for the reference tool geometry “PT,, . are given for

comparison.
No. Of bases Mean Max
Tal‘get area tcpne,ref pree,max tcp’Izze,re f mpTee,max tcpTee,re f tcpTee,maX
Target pose 1 — 4 — 0.31 — 0.34
Target pose 2 — 82 — 0.49 — 0.72
Target pose 3 42 55 0.82 0.83 0.98 0.96
A 1 B 1
0.9 250 0.9 250
0.8 0.8
0.7 200 0.7 200
0.6 0.6
0,55 s N o.5§ .
0.4 0.4
100 100
0.3 0.3
02 o 02 o
0.1 0.1
0 0 0 0
0 0.5 1 0 0.5 1
reach value reach value

FIGURE 11 | Visualisation of upright base positions for target pose 3 for scenario 2. A shows the base positions when no adapted tool geometry is
applied. In B, the distribution of base positions for the adapted tool geometry, resulting in the maximum number of base positions with a reachability
value Do > 0.75, is shown.

4 | Discussion 0.75 could be increased by around 52%. It must be noted that
this percentage of improvement depends on the specific sce-
4.1 | Evaluation of Study Results nario and the reachability threshold chosen for the base position

count, and is therefore not generally applicable. An even greater
Based on the results shown, we can conclude that an adapted but also more difficult to quantify effect of using an appropriate
tool geometry can strongly increase the reachability of the US tool geometry was observed in scenario 2, where it was not
probe and the decrease depends on the target pose. The greatest permitted to position the robot on one side of the patient. The
improvements were achieved for target pose 1. For scenario 1, target areas target pose 1 and target pose 2 could only be ach-
the number of possible base poses with reachability higher than ieved by using an appropriate tool transformation. In contrast,
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FIGURE 12 | Visualisation of resulting tool geometries ‘“PT,, max in scenario 2 for target pose 1 (A), target pose 2 (B) and target pose 3 (C). For

target pose 1 the rotation angle is 76.2° with an axis of (0.93,0, —0.37)". For target pose 2 the rotation angle is 78.1° with an axis of
(0.98, —0.11, 0.19)T and for target pose 3 the rotation angle is 22.6° with an axis of (0.70, 0.71, O)T.

no or only minor improvements were achieved with target pose
3. It should be noted that the results presented in Tables 1 and 2
depend on the threshold value used for the base position count.
Choosing another threshold would lead to a different percentage
of improvement. From this, it can be concluded that the desired
inclination angle of the US probe strongly influences the pos-
sibility of improvement through a corresponding tool geometry.
The more the end effector has to be tilted, the greater the po-
tential to increase the reachability by selecting an adapted tool
transformation. The reason for this is that it increases the
workspace in which strongly inclined TCP target poses (i.e.
pointing towards the robot base) can be reached. This means
that poses can be approached for which the robot would
otherwise have to be stretched out too far to reach them, as
shown for target pose 1 and target pose 2 in scenario 2. In
addition, once certain poses can be achieved, the limits of all
joints except the fourth can restrict the possible rotation of the
elbow, resulting in a lower reachability score. In general, the
joint limits of joint 2 and joint 6 are most likely to be reached, as
these are at + 120°. In particular, if the end effector is pointing
downwards and towards the base, as shown in Scenario 2, the
sixth joint must be strongly bent to reach the target pose. As a
result, the elbow may no longer be fully rotated as the sixth
joint's limit is exceeded. If an appropriate tool transformation is
used here, the sixth joint position is further away from its limit,
and allows for more elbow rotation.

However, in addition to the promising results, it must also be
said that the presented approach can only be applied if the
orientations of the defined target area differ only slightly. This is
due to the fact that different target orientations lead to different
rotation matrices Rj. (see Equation 9). It follows that the
resulting rotation matrices R;j 0 Of the tool geometries depend

not only on the base rotations Ri,j,ee to ensure an upright base,
but also on R;... This means that R;;, can no longer be clus-
tered according to the uprighting base rotations, which is the
prerequisite for compensating for these base rotations by means
of corresponding tool transformations. However, this does not
affect the application. If the optimum tool geometry has to be
calculated for a target area with different orientations, the mean
value of the orientations can be calculated first. This orientation
then represents the target orientation under consideration.

4.2 | Practical Considerations

The results have shown that the optimal design of the tool ge-
ometry depends on the target pose and environment. This is a
challenge in practice, as it is not possible to dynamically adjust
the tool geometry during an intervention. Ideally, you would
have a one-size-fits-all solution in practice. For example, we
mostly use a probe that is attached to the end effector at an
angle of 45°. This geometry represents a compromise: Even
though a pure extension provides the greatest possible general
flexibility in the end effector orientations that can be achieved,
the angulation increases the range of the US probe, and target
poses on the patient with a large angle of inclination (e.g., target
pose 1, Scenario 2) can be reached more easily. Moreover, the
guidance of the cable of the US probe is simplified. However,
during various volunteer studies in which robotised US scans
were carried out, we found that this one-size-fits-all solution can
be unfavourable depending on the area to be reached on the
patient and resulted in some volunteers having to be reposi-
tioned. An adapted probe holder geometry for US robots that
always perform the same procedure (e.g., scan of the leg artery)
could therefore be feasible and useful. Alternatively, a mecha-
nism could be considered whereby the angle of attachment can
be changed manually depending on the application, for example
using a screw that can be tightened and loosened by hand. This
would allow the tool geometry to be adjusted before the
respective examination.

5 | Conclusions

This work investigates how different probe holder geometries
influence the placement of an upright robot base concerning
reachability of the target poses. A redundant 7-DoF serial
manipulator was used to scan three different target poses on a
patient with an US probe. First, reachability maps as well as
inverse reachability maps were generated. These were used to
determine potential placements for an upright robot base, while
a respective tool transformation was applied and constraints
such as patient safety and an additional restricted area were
taken into account. It could be demonstrated, that the number
of potential base placements with high reachability can be
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greatly increased by using an appropriate tool transformation,
especially if the sixth joint of the robot has to function close to
the joint's limit to reach the target position. This was particu-
larly the case when the target pose had to be reached from the
other side of the patient. Our proposed method offers an auto-
mated solution for finding such an adaptation of the tool
transformation. It is beneficial if high reachability to the target
area is required or the placing area of the robot is limited.
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