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Abstract—New approaches to intracerebral hemorrhage man-
agement are motivated by its high incidence and 40% mortality
rate. Surgery is sometimes attempted to decompress the brain, al-
though patient outcomes are similar regardless of whether surgery
occurs. We hypothesize that surgical decompression is not more
effective because current open surgical techniques disrupt healthy
brain tissue to access the clot formed by the hemorrhage, offsetting
the benefits of surgery. To address this, we propose a less invasive
needle-based approach in which the clot is debulked from within
using a superelastic, precurved aspiration cannula that is deployed
from a needle. The tip of this aspiration cannula is controlled by
coordinated insertion and retraction of the cannula and needle,
as well as axial rotation of the cannula. We describe the design of
a sterilizable and biocompatible robot that can control the three
degrees of freedom of the needle and cannula. Image guidance is
achieved by adapting an approach originally developed for brain
biopsy. We provide an optimization method for the selection of the
precurvatures of one or more sequentially used aspiration cannulas
to maximize hemorrhage evacuation, based on preoperative med-
ical image data. In vitro experiments demonstrate the feasibility
of evacuating 83–92% of hemorrhage volume, depending on the
number of tubes and deployment method used.

Index Terms—Active cannula, concentric tube robot, continuum
robot, minimally invasive neurosurgery, robot-assisted surgery.

I. INTRODUCTION

A PPROXIMATELY 1 in 50 people will have an intracere-
bral hemorrhage (ICH) at some point in their lives, and the

one-month mortality rate is approximately 40% [1]. ICH occurs
when a blood vessel in the brain ruptures and blood accumu-
lates within the cranial cavity, compressing the brain. It may be
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treated with drugs or surgical evacuation via open craniotomy.
While one would expect decompression via hemorrhage evacu-
ation to result in improved patient outcomes, there is no clinical
data supporting this for the majority of ICH patients. Benefits
of various treatments have only been shown to date in patients
selected for factors like small, superficial lesions and a good
preoperative performance status [2]–[6], and there remains no
treatment of proven clinical benefit for typical ICH patients [7].
In standard open surgical procedures, where the brain substance
is cut with electrocautery, tubular retraction systems with or
without endoscopic assistance and Archimedes screw-type de-
vices have been applied, but with only minimal improvement in
outcomes [3], [8], [9].

A proportion of this failure may be due to permanent injury
by the hemorrhage, which is irreversible even with evacuation.
However, it is generally believed by neurosurgeons that there is
a volume of brain tissue that is a risk but which may be salvaged
and returned to preinjury function if its conditions are opti-
mized, and it is known that decompression can help to optimize
brain conditions [10]. However, this is currently challenging
to accomplish for all hemorrhage locations and particularly for
deep hemorrhages. For many hematomas, an operative trajec-
tory of any significant dimension would result in more tissue
volume disruption than would be saved by the evacuation of the
hematoma. This results in only superficial hematomas currently
being candidates for evacuation and may be partially responsi-
ble for the lack of encouraging clinical data on the benefit of
surgical decompression.

Although there have been several minimally-invasive surgical
approaches proposed, such as locally delivered ultrasound with
thrombolysis and endoscopic aspiration of the clot [11], [12],
these have only been applied in small case studies and have not
been adopted as the standard treatment for ICH. While it is pos-
sible that one of these new minimally-invasive approaches may
ultimately succeed in solving the problem of ICH decompres-
sion, until one achieves widespread clinical use and is successful
in reducing the high mortality and complication rates of ICH,
there is ample motivation to pursue new approaches such as the
one we propose in this paper. We hypothesize that a robot that
can access the site of the hemorrhage through a needle-sized
entry path and then debulk the clot from within will reduce the
trauma to healthy brain tissue currently associated with surgical
decompression.

The problem of needle-based neurosurgery is not new in the
field of surgical robotics. Indeed, the first surgical robot was used
for this purpose [13], and much subsequent progress has been
made on stereotactic robotic systems, as reviewed in [14]–[16].
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These prior systems use straight needle trajectories with image-
guidance to hit specific targets within the brain. The system
described in this paper is similar to prior systems in its use of
image-guidance to hit specific intracerebral targets, but differ-
ent in its need for dexterous motion of the needle tip within the
lesion. This desire for motion within the lesion was an early mo-
tivation for bevel-steered needles [17], [18], but maximum cur-
vature and interventional tool integration challenges have thus
far prevented ICH experiments from being conducted with bevel
steering. Interventional tool manipulation within a hemorrhage
was first addressed robotically through an entry path of endo-
scopic surgery dimensions when a straight morcellator was used
to debulk a hematoma in the brain [19]. This study showed that
while manual hematoma removal was faster, robotic hematoma
removal resulted in less damage to the surrounding brain tis-
sue in in vitro studies [19]. However, despite these promising
results, robotic assistance has yet to become routinely used in
treating ICH patients.

In this paper, we present a needle-based robotic system for
image-guided evacuation of ICHs that is no more invasive than
a standard brain biopsy, yet enables ICH clots to be debulked
from within via articulation of an aspiration cannula that extends
from the needle tip. We note that such a robot system does not
need to debulk the entire clot [20]. Based on the judgment of
experienced neurosurgeons, we anticipate clinically meaningful
decompression to begin at approximately 25–50% removal of
the clot volume, though future clinical studies will be needed to
verify this estimate.

Our system uses a simple two-tube, 3 degree-of-freedom
(DOF) concentric tube robot, also known as an active can-
nula [21], [22], which consists of a straight, stiff outer needle
and an inner curved superelastic cannula. In contrast to bevel
steered needles, the active cannula does not depend on tissue
interaction to achieve steering. In addition, the combination of
tubes enables straight entry pathways toward the hemorrhage
and high curvatures within the clot for dexterous aspiration. In
prior tube property design research for these robots, it has been
assumed that the robot will consist of multiple tubes (usually at
least 3) whose properties (precurvatures, stiffnesses, etc.) must
be selected a priori based on task requirements and then remain
fixed throughout use of the robot [23]–[26].

Here, we consider a somewhat different paradigm for design
and use of these robots, namely that tubes can be added and
removed from the robot during surgery. Thus, in ICH evacua-
tion, the clot is debulked not by one complex concentric tube
robot, but by what can be thought of as multiple simple con-
centric tube robots, used sequentially. A preliminary version
of some results in this manuscript can be found in [27]. This
archival version combines the results in [27] with additional
material that comprises the entirety of Section III, as well as a
new patient case study (Section IV) and new experimental re-
sults (Section V-B). In the sections that follow, we describe the
design of a biocompatible actuation unit to control the needle
and cannula, an image-guidance protocol, tube design algo-
rithms, and in vitro experiments illustrating the feasibility of
evacuating hematoma phantoms matching the geometry of ICH
patient cases.

Fig. 1. Robot-assisted ICH evacuation prototype setup attached to a phantom
skull. The robot is positioned and held in place with a passive articulated arm.
The aspirator is attached to the aspiration cannula that enters the brain through
a trajectory guide attached to the skull. A reference frame is rigidly attached to
the robot for optical tracking.

II. ROBOT SYSTEM

The ICH robot system is shown in Fig. 1. It includes a steriliz-
able robotic actuation unit capable of controlling a two-tube ac-
tive cannula, a head-mounted trajectory guide to enable image-
guided targeting of the hemorrhage, a passive articulated arm
(MA60003, NOGA, USA), and an aspirator to evacuate the
hemorrhage. The robot controls 3 DOF of two tubes. The outer
tube (referred to as “the needle” in the introduction) is a straight,
stiff tube made of stainless steel. The inner aspiration cannula
is a tube that is precurved and made of superelastic nitinol. As
it passes through the outer tube, it is straightened, but it returns
to its precurved shape when it exits the tip of the outer tube. The
actuation unit controls insertion and retraction of both tubes,
and axial rotation of the inner tube.

A. Sterilizable, Biocompatible, Robotic Actuation Unit

The robotic actuation mechanism was designed to be both
sterilizable and biocompatible. Safety, ease of use, and stream-
lined integration into the surgical workflow were also primary
considerations. Most prior actuation units for concentric tube
robots have been research lab prototypes, and sterilization and
workflow considerations have been left to future work. The ex-
ception is the work of Graves et al., who suggested a fully
disposable approach in which the entire robot is thrown away
after each surgery [28]. A sterilizable manual version with-
out motors was also described in [29]. It remains to be seen
whether surgeons can learn to use a system like ours sufficiently
well for a manual approach to be viable (we suspect not), and
economic considerations will likely dictate the choice between
the disposable or reusable paradigm in an eventual commercial
system, though both approaches have merit. Our design contri-
bution here is the first reusable, sterilizable, and operating room
ready actuation unit for concentric tube robots. It is constructed
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Fig. 2. Two carriers are translated via threaded blocks using lead screws and
slide along a linear track. One carrier translates the straight outer tube, and the
second carrier translates the precurved aspiration tube, which is rotated with a
square shaft attached to a small gear that meshes with the large gear attached to
the tube hub.

Fig. 3. Sterile barrier concept. (a) Motor plate is removed from the robot before
sterilization. (b) Sterile bag is attached to the sterile robot using an aluminum
clamp, enabling the motor plate to be subsequently attached and the motors to
engage with the Oldham couplings (see Fig. 4). (c) Motor plate is reattached
and the bag pulled over it. The robot is now sterile.

entirely from autoclavable and biocompatible components, with
a modular motor pack that can be bagged.

The actuation unit mechanism is depicted in Fig. 2. The
straight outer tube is inserted and retracted using a lead screw
that acts on the tube’s carrier, which rides on a linear slide. The
same concept applies to the second carrier, which actuates the
inner aspiration tube. Rotary motion is transmitted to the tube
from the motor pack using a square shaft that interfaces with a
gear train (see Fig. 2). Both lead screws and the square shaft are
actuated by motors housed in the motor pack at the end of the
robot furthest from the patient. Three motors are mounted on a
motor plate that can easily be attached and detached from the
robot.

The motors are isolated from the sterile field by a tortuous path
sterility barrier with Oldham couplings that transmit rotational
motion through a sterile bag (see Figs. 3 and 4). To set up the
robot in the operating room, all components except the motor
pack are first autoclave sterilized with the motor pack detached.
A sterile bag is attached to the robot using an aluminum bag
clamp, followed by attachment of the motor plate. The sterile
bag is then pulled over the motor pack.

The tubes of the active cannula are bonded to their respec-
tive hubs using biocompatible and autoclavable glue (Loctite,
M-21 HP). Example tubes are shown in Fig. 5. We note that
all materials used in this actuation unit are either Ultem or
PEEK (biocompatible polymers), stainless steel (which would
be passivated before clinical use), or aluminum (which would

Fig. 4. Oldham couplings are used to transfer rotation of motor shafts through
a tortuous path to the sterile lead screws and square shaft for translation and
rotation of the cannula tubes. (a) Oldham coupling made from PEEK plastic.
(b) Aluminum plate is brought down over the Oldham coupling and secured
in place. (c) Aluminum plate creates the tortuous path between the nonsterile
bagged motor pack and the sterile robot.

Fig. 5. Tubes are permanently attached to hubs using a biocompatible glue
and can be autoclaved. The precurved aspiration tube has an additional gear
attached to the hub to rotate the tube.

Fig. 6. Quick-release mechanism for the tubes. Either tube can be quickly
released from the mechanism by removing a screw and swinging a retaining bar
out of the way.

be anodized before clinical use). The trajectory guide compo-
nents described in the next section are currently rapid prototype
plastic, and would be replaced with a clinical-grade plastic (e.g.,
PEEK) before clinical use.

The system was designed to enable several aspiration tubes to
be used sequentially (see Section III), so the actuation unit fea-
tures the quick-release mechanism shown in Fig. 6. Removing
a screw and swinging a retaining bar out of the way allows one
to release a tube from the mechanism and introduce a new tube.
In addition, a quick release is provided for the carriers so that in
an emergency situation, the tubes can be retracted manually by
disengaging the carriers from the lead screws (see Fig. 7). In an
eventual clinical system, we intend to replace the three screws
in this quick-release mechanism with a thumb screw approach
to allow for faster operation.

B. Open Loop Robot Positioning Accuracy

To evaluate the accuracy of the robot in terms of tip position
error, we recorded the position of the tip of the aspiration tube
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Fig. 7. Quick-release mechanism for carriers enabling them to be detached
from the lead screws and manually slid backward, for manual tube retraction.
The mechanism works by (a) loosening holding screws, followed by (b) swing-
ing the threaded block away from the carrier.

Fig. 8. Image guidance for robot-assisted ICH evacuation. (a) Commercial
neuronavigation system (Navigus, Medtronic, Inc.) consists of a trajectory stem
that can be securely fastened to a bone-anchored base. (b) Trajectory stem is
adjusted to the desired insertion trajectory using a tracked alignment probe that
enables visualization of the trajectory in registered medical images. (c) Robot
system attaches to the trajectory stem.

used for the experiment in Section V-B, which was inserted
through a stiff, straight outer tube, using an optical tracker and
tracked point probe (Claron MicronTracker, Ontario, Canada).
We used the actuation unit to move the tip of the aspiration
tube to 33 evenly distributed Cartesian grid points (10-mm grid
spacing) within a sphere 4 mm in diameter, representing a clot.
The average root-mean-square error between kinematic model
predictions and optical tracking data was 0.78 mm, with a stan-
dard deviation of 0.31 mm and maximum error of 1.41 mm. We
note that this is the open loop accuracy of the robot, and that in
a clinical implementation we envision use of imaging to servo
the tip to the correct location. Hence, an open loop error is not
a lower bound for overall system error.

C. Surgical Workflow and Image-Guidance

Our robot incorporates image-guidance using preoperatively
acquired computed tomography (CT) images of the patient com-
bined with the registration procedure employed in modern clin-
ical image-guidance systems. In these, registration is accom-
plished using a surface scan of the patient’s face, which is then
matched to the corresponding surface in the CT image volume
using a standard surface-based registration. After registration,
we employ a needle alignment approach conceptually identical
to that of the Navigus system (Medtronic, Inc., USA), which is
illustrated in Fig. 8, where the only difference is that we have
made our own version of Navigus alignment hardware via rapid
prototyping, so that we can couple the trajectory stem to our
robot.

To set up and align the needle, the surgeon first creates a
hole in the skull, opens the dura, and attaches the base of the
trajectory guide to the skull using three small titanium screws.
The trajectory stem is then snapped into the base and loosely se-
cured with the locking ring. An alignment probe (which enables
visualization of the insertion trajectory on the image-guidance
system, see Fig. 8(b)) is then inserted into the trajectory stem,
and image guidance is used to align it (as it pivots in the base)
with the desired target. The locking ring is then tightened to fix
the trajectory stem in place, and the alignment probe removed.
Next, the robot (attached to a passive arm) is moved into the
surgical field, and the robot front plate is coupled to the trajec-
tory stem. The active cannula then passes through the trajectory
stem and into the brain, along the desired trajectory. Lastly, note
that in traditional biopsy with the Navigus system, the rotation
of the needle about its own axis is not important. However, it is
important in our system and can be obtained via optical tracking
of the robot itself, which is the reason for the tracking frame
shown in Fig. 1.

III. ASPIRATION TUBE DESIGN

In principle, any precurvature (including those that vary with
arc length) that can be straightened completely with a maximum
material strain within the elastic range of nitinol (approximately
8–10%) can be preset into the aspiration cannula via a heat
treatment process. The shape and workspace of the device can
be computed using the mechanics-based model described in [21]
and [22]. In the future for clots with complex geometry, tubes
with variable curvature may be desirable. However, as a starting
point, in this paper we consider only the special case where the
aspiration cannula has constant precurvature (i.e., its shape is
an arc of a circle).

A. Kinematics

We parametrize the 3 DOF of a cannula with a straight outer
tube and circularly precurved inner tube using the variables ρ1
and ρ2 to describe the linear insertion distance of the outer
straight tube and inner aspiration cannula, respectively. The
angle α describes the axial angle of the aspiration tube and can
be controlled directly by the robotic actuation unit described
in the previous section. Thus, the joint space of the robot is
q = (ρ1 , ρ2 , α). The aspiration tube is composed of an initial
straight section with length Ls followed by a planar constant
curvature section with length Lc with radius r (see Fig. 9(a)).
The mapping from joint space to configuration space parameters
describing the curve of the robot (i.e., “arc parameters,” see [30])
is as follows:

�1 = ρ1

�2 =
{

ρ2 − ρ1 − Lc if ρ2 − ρ1 > Lc

0 else

�3 =
{

Lc if ρ2 − ρ1 > Lc

ρ2 − ρ1 else

κ3 = r−1 .
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Fig. 9. (a) Each aspiration tube has a straight section with length Ls followed
by a circular curved section of length Lc with a radius of curvature r. (b) When
inserted into a straight outer tube (lighter colored tube that ends at �1 in the
image), there are three regions to model kinematically, with lengths �1 , �2 , and
�3 .

These parameters define a forward kinematic mapping T =
TαT12T3 , where

Tα =

⎡
⎢⎢⎢⎣

cos α − sin α 0 0

sin α cos α 0 0

0 0 1 0

0 0 0 1

⎤
⎥⎥⎥⎦

T12 =

⎡
⎢⎢⎢⎣

1 0 0 0

0 1 0 0

0 0 1 �1 + �2

0 0 0 1

⎤
⎥⎥⎥⎦

T3 =

⎡
⎢⎢⎢⎢⎣

1 0 0 0

0 cos (κ3�3) − sin (κ3�3)
cos(κ3 �3 )−1

κ3

0 sin (κ3�3) cos (κ3�3)
sin(κ3 �3 )

κ3

0 0 0 1

⎤
⎥⎥⎥⎥⎦.

B. Tube Design Optimization

An optimal aspiration tube results in a two-tube active cannula
with a workspace that completely covers the volume of the
hemorrhage. For some clots, this may not be possible with one
aspiration cannula, so two or more may be used sequentially,
while leaving the outer needle in place. Given that we have
restricted our tube shapes to circular in this paper, the parameters
available for design are the curvature and arc length of the
aspiration cannula, such that a given design is defined as d =
{Lc, r}.

We begin with CT medical image data that is routinely ac-
quired during the diagnosis of ICH. A surface model of the skull
can be determined by a simple threshold, while the hemorrhage
is identified via manual segmentation in 3d Slicer [31]. We then
discretize the joint space q = (ρ1 , ρ2 , α) of the active cannula,
and compute the workspace of the device by using the kinematic
model for each discrete combination of joint positions. The last
step is to compare the overlap of this workspace and the seg-
mented clot. To evaluate this overlap, we must first know the
entry point and entry vector of the cannula into the clot. These

are determined by the neurosurgeon, who selects the burr hole
point on the skull, and then verifies that the shortest path to the
hemorrhage does not pass through any critical brain structures.

We now describe the formulation of a volumetric objective
function quantifying the coverage of a given clot achievable by
a given cannula design. The surface model of the hemorrhage
is converted into a set of isotropic voxels. We use a binary
voxel representation to differentiate between voxels inside and
outside the hemorrhage. We then use as our objective function
for clot coverage by a given design (d) the percentage of the
total clot volume that is accessible to the tip of the cannula.
The portion of the cannula workspace volume that lies within
the hematoma V (d) is generated for each d by discretizing
the joint space of the robot with 1 mm translational and 1◦

rotational increments and computing the cannula tip position for
each combination of joint values. We also perform a secondary
check that keeps only configurations in which the entire curve
of the aspiration tube is within the clot. The voxels that contain
remaining tip points are labeled as covered voxels, while others
are labeled as uncovered. Finally, the percentage of the clot
covered is computed by dividing the total number of clot voxels
by the number of covered voxels. Our current implementation
(C++, Intel Core i7 2600) requires on average less than 1min to
calculate the covered clot volume for one design d and a given
entry path. We expect a speed-up through parallelization to a
few seconds per tube design evaluation.

IV. PATIENT-SPECIFIC OPTIMIZATION CASE STUDIES

We conducted a retrospective, IRB approved study using
seven CT datasets from patients with ICH previously treated at
Vanderbilt University Medical Center. Surface models of each
skull and hemorrhage are shown in Fig. 10. For each case a
neurosurgeon selected a desired entry path, and for each path
all possible aspiration tube sets were evaluated using the objec-
tive function in the previous section. Tube parameters were as
follows:

1) Aspiration tubes were considered to have an outer di-
ameter of 1.14 mm and an inner diameter of 0.91 mm,
matching the experimental tubes used in Section V-B.

2) A 10% recoverable strain threshold was used.
3) The curved section length Lc was first discretized in 5-

mm steps starting at 10 mm. Then, the same procedure
was used with a finer resolution of 2 mm. Tables I–III
show the best choices across both discretizations.

4) Minimum and maximum radii of curvature were 6.4 and
150 mm, respectively, with 2.5 mm discretization within
this range.

For selection of the optimal aspiration tube(s), three scenarios
of use are now considered.

A. Scenario 1: Single Aspiration Tube

In this first scenario, we require the aspiration tube to remain
within the clot at all times, and consider that only one aspiration
tube is available to be deployed through the straight outer tube.
For each patient case, we computed the tube curvature and arc
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Fig. 10. Seven cases of patients with an ICH (hemorrhage shown in red).

TABLE I
SUMMARY OF OPTIMAL ASPIRATION TUBES FOR SCENARIO 1

TABLE II
SUMMARY OF OPTIMAL ASPIRATION TUBES FOR SCENARIO 2

TABLE III
SCENARIO 3: SEQUENTIAL USE OF TWO ASPIRATION TUBES

WITH COMBINED COVERAGE f ∗

length that maximizes coverage of the hematoma (f )

f ∗ = arg maxf(d) (1)

with results summarized in Table I . While this level of coverage
exceeds the 25–50% minimum coverage target mentioned in the
introduction, we also went on to consider two other scenarios of
use, in order to provide additional options for the neurosurgeon
if increased coverage is desired.

B. Scenario 2: Single Aspiration Tube With Brain Deformation

We now relax the requirement that the entire curved tube
remains inside the clot at all times, and instead permit small
lateral deflection at the surface of the clot up to some threshold td
as shown in Fig. 11. By doing this, we can significantly increase

Fig. 11. This figure illustrates the tissue deflection threshold td , which applies
only to Scenario 2 (Section IV-B). The quantity td is the maximum distance
between the entry axis of the device and the point at which the curved tube
enters the clot. It is a surgeon-specified parameter.

the volume of clot accessible to a single constant curvature
aspiration tube as the results in Table II illustrate (here we used
a maximum td of 15 mm; td is in general based on the preference
of the specific surgeon using the system, and if it is set to zero,
then Scenario 2 is identical to Scenario 1). Note also that one can
achieve a configuration like that shown in Fig. 11 without cutting
brain tissue by first deploying the aspiration tube within the clot,
and then retracting the straight outer tube and the aspiration tube
simultaneously.

C. Scenario 3: Two Aspiration Tubes in Succession

In this scenario, we sought to maintain the high coverage
achieved in Scenario 2 while eliminating the need for brain
deflection (i.e., keeping the aspiration tube completely within
the hematoma as was done in Scenario 1). We achieve this by
selecting two aspiration tubes with different curvatures, which
will be sequentially used. After the first tube has evacuated
all of the clot it is able to reach, it is removed with the outer
straight tube remaining in place in the patient’s brain, such that
the system maintains registration, and a second aspiration tube
is introduced to remove additional clot material. The goal is to
choose the parameters of the two tubes simultaneously, such
that the overall volume of the clot removed is maximized

f ∗ = arg max(f(d1) ∩ f(d2)). (2)

Results are shown in Table III.
The similarity in curvatures of both tubes across all cases is

noteworthy, as is the high overall volume of clot removed. To
determine how well a single set of two tubes could work across
all patients, we reran the optimization seeking to maximize the
average coverage across all patients. This resulted in a first
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TABLE IV
SCENARIO 4: SEQUENTIAL USE OF FIVE PRESELECTED TUBES AND INFLUENCE

OF ENTRY PATH PERTURBATION

tube with Lc = 58 mm, r = 13.23 mm and a second tube with
Lc = 40 mm, r = 6.37 mm. This tube set enables an average
coverage of 79% across all patients, with a minimum of 60%
and a maximum of 95%.

D. Scenario 4: Discrete Tube Set

In this scenario, we evaluated the performance of a fixed set
of five tubes (radii of curvature: 6, 8.5, 11, 13.5, and 16 mm),
where the radii were chosen to span the optimal tube curvatures
of Scenario 3. The five tubes used in sequence are able to remove
an average of 95% of each clot in our patient dataset (see column
2 of Table IV).

Noting that there will be some uncertainty in burr hole place-
ment and also in targeting the desired clot entry point, we per-
formed a perturbation study. In considering the level of error
that can be expected in clinical use, note that the accuracy of
the Navigus in targeting locations within the skull has been
experimentally found to be 1 mm with a standard deviation of
0.28 mm [32], [33]. Also note that the surgeon will have access
to image-guidance when selecting the burr hole location, and
thus, in principle should be able to place the burr hole at the
desired location approximately as accurately as internal skull
points can be targeted (the same image-guidance system being
used for both purposes). To establish a conservative level of
error, we went out a little over three standard deviations, con-
sidering a maximum burr hole error of 2.5 mm and a maximum
clot entry point error of 2 mm.1 Worst case needle angular mis-
alignment within these bounds occurs when both burr hole error
and clot entry error are simultaneously deviate maximally from
the planned locations, and do so in the worst possible direction
(worst both with respect to one another, and with respect to clot
geometry).2

We generated 25 perturbation cases for each of our seven
patient cases by considering all combinations of five evenly an-
gularly distributed points at a radial distance of 2.5 mm on the
skull surface around planned burr hole location and five evenly
angularly distributed points at a radial distance of 2 mm around
the planned clot entry point. Column 3 of Table IV shows the
minimum clot volume coverage across all patient and perturba-
tion cases. It can be concluded from this study that if surgeons

1Burr hole error was set slightly higher than the clot targeting error to account
for the fact that the surgeon may be slightly more careful in internal point
targeting than in burr hole placement.

2We note that since the errors are likely Gaussian in nature, it is statistically
unlikely that both errors would be maximal simultaneously (let alone in the
worst possible direction), but considering such a case provides a useful lower
bound on worst case clot coverage.

Fig. 12. Phantom experiment. (a) Robot is attached to the passive arm and
secured to the trajectory guide, which is mounted onto the top of an acrylic
box. The active cannula is deployed to the clot and the aspiration tube is used
to debulk the clot. (b) Blood clot is shown prior to beginning the experiment,
(c) progress midway through the removal experiment, and (d) the same area
after aspiration.

are correct in their estimate that decompression benefit begins
when 25–50% of the clot is removed, it is statistically improb-
able that a small number of discrete tubes will be incapable of
accessing the requisite geometry.

V. IN VITRO DEMONSTRATIONS

A. In Vitro Phantom Experiment

To explore the practical feasibility of robot-assisted ICH evac-
uation using a single tube with allowed tissue deflection (see
Section IV-B), we conducted a phantom experiment. The as-
piration tube used had a straight section with Ls = 260 mm
followed by a section with constant curvature of r = 30.3 mm
with Lc = 55 mm. The aspiration tube had an outer diameter of
1.75 mm and a wall thickness of 0.3 mm. The outer tube had an
outer diameter of 3.2 mm and a wall thickness of 1 mm.

The experiment was conducted using a gelatin phantom (see
Fig. 12(a)). The clear tissue in the phantom simulated regular
brain tissue and was made from 10% by weight Knox gelatin
(Kraft Foods Global, Inc., USA), and the red tissue that sim-
ulated the clot was made from Jell-O gelatin. This made the
hematoma softer than the surrounding brain tissue. This phan-
tom is similar to the one used in [19]. The hemorrhage was
approximately spherical with a 63.5-mm diameter.

The trajectory stem was aligned with the clot and secured
using the locking ring. The robot was then affixed to the passive
arm and attached to the trajectory stem as discussed in Sec-
tion II-C. The outer tube was then inserted into the clot, with the
inner tube retracted fully inside it, and the tubes were then used
to evacuate the clot. Motion planning was conducted manually
by the experimenter who visually observed the debulking pro-
cess through the wall of the phantom and input new desired
target locations to the robot manually using the computer key-
board. The robot was able to remove 92% of the clot material,
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Fig. 13. In vitro skull experiment. The robot was aligned using the trajectory
stem and the aspirator was connected to the end of the inner tube. The clot was
then removed by moving the tip of the cannula within the clot while applying
suction.

determined by initially measuring the amount of red gelatin
used. The surface of the clot was visually inspected for posi-
tive margins and none were detected. The residual red gelatin
at the end of the experiment was scooped out and weighed. The
achieved results are similar to the 99% theoretical coverage of
this clot using Scenario 2 from the previous section, and the
system could have removed more material at the clot-brain in-
terface had we been less concerned with damaging healthy brain
tissue. Fig. 12 shows the experimental setup and before, during,
and postexperiment photos of the clot.

B. In Vitro Skull Experiment

We next performed an experiment in vitro using an anatom-
ically correct skull model and one of the patient clots from
Section IV. The goal was to experimentally demonstrate the
system under conditions like those in patient case 1 of Scenario
3 from Section III. To replicate the geometry of patient case 1,
we used a two-piece, semitransparent plastic skull (A20/T, 3B
Scientific, USA), which we filled with gelatin. The segmented
clot from patient case 1 was made using a rapid prototyping
machine, and we also prototyped the negative form of the clot.
A thin acrylic sheet was laser cut to fit in between the two halves
of the skull, and a hole was laser cut in the sheet such that the
prototyped clot would sit at the correct height and orientation in
the skull. The plate and skull were assembled and sealed using
silicone before the liquid gelatin was introduced. The net result
was a two-piece gelatin mold with an empty cavity for the pro-
totyped clot. We then used the negative form of the clot to mold
a Jell-O model of the clot, and added barium at a mixture of
0.5g/ml to enable visualization of the clot in CT.

We shape set the nitinol tubes used in this experiment using
heat treatment. Although we attempted to achieve the curva-
tures listed on Table III for patient case 1, the tubes relaxed
slightly as they were removed from the fixture that held them
in the oven, such that the measured radii of curvature were 19.8
and 12.6 mm. The robot was aligned with the entry path se-
lected by an experienced neurosurgeon (see Fig. 13). Because
the skull was not completely transparent, the top of the skull

Fig. 14. Slices from CT scans of the phantom (a) before aspiration and
(b) after aspiration. The robotic system was able to remove 83.1% of the clot.

was removed after the robot was aligned to enable visualiza-
tion of the tubes in the clot. Motion planning, robot position
commands, and determination of the removed clot volume were
implemented the same way as in the previous experiment. The
robot was able to remove 83.1% of the clot (see Fig. 14), which
was measured using the same procedure as in the previous ex-
periment. Based on the curvatures of the experimental tubes, the
expected clot removal percentage was 80.6%. The fact that the
experimental results slightly exceeded the theoretical prediction
can be attributed to minor tissue deformation as suction is ap-
plied, which brings more material within reach of the cannula
tip. We note that deformation is likely to be present in human
brain tissue, so the theoretical percentages given in this paper
(which consider only rigid geometry) may be conservative. See
the conclusion for further discussion of the future work that we
envision to compensate for deformation effects.

VI. CONCLUSION AND DISCUSSION

In this paper, we have explored the feasibility of a new ap-
proach to debulking ICH clots from within using a procedure
with invasiveness comparable to a standard brain biopsy. As
first steps toward clinical deployment of the technique, we have
described the design of a sterilizable robotic actuation unit, sev-
eral methods for tube curvature design, and several deployment
scenarios. A retrospective simulation study on patient CT im-
ages demonstrated that one or two circularly curved tubes are
sufficient to cover a high percentage of clot geometry across
all subjects in our dataset. In vitro experiments illustrated our
proposed approach. As mentioned in the introduction, surgeons
estimate that clinical benefit will begin to occur for patients if
25–50% of the clot can be removed. Our simulations and in vitro
experiments indicate that percentages significantly higher than
this are accessible with even simple constant curvature cannulas.

Many challenges remain before our proposed approach can
be implemented clinically. Since brain deformation may be sig-
nificant in ICH removal, we believe that intraoperative imaging
and brain deformation modeling (together with motion planning
algorithms that leverage both) will be important to ensure that
the cannula does not accidentally leave the clot and impinge on
brain tissue as the clot changes shape. An additional layer of
safety in a human case can be obtained by being less aggressive
than we were in our in vitro experiments and not attempting to
remove 100% of the clot; one could intentionally leave a mar-
gin of clot around the edges, debulking the middle of the clot
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only. Furthermore, while we believe that aspiration will locally
remove clot material, this remains to be tested, and we may find
that morcellation will ultimately be necessary. Fortunately, it is
possible to include a morcellator on the tip of a concentric tube
robot as was shown in [34].

In summary, in this paper, we have pursued early feasibility
studies on a new concept for ICH decompression that may even-
tually bring the benefits of less invasive decompression to many
patients. Our hope is that our new decompression approach will
eventually save the lives of some of the 40% of patients who
currently die from ICH, and also that it may eventually reduce
the instances of brain damage in those patients who survive.
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