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Abstract

Objective: We aim to develop and evaluate an MR-conditional concentric tube robot for 

intracerebral hemorrhage (ICH) evacuation.
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Methods: We fabricated the concentric tube robot hardware with plastic tubes and customized 

pneumatic motors. The robot kinematic model was developed using a discretized piece-wise 

constant curvature (D-PCC) approach to account for variable curvature along the tube shape, 

and tube mechanics modeling with friction to compensate torsional deflection of the inner tube. 

The MR-safe pneumatic motors were controlled using a variable gain PID algorithm. The robot 

hardware was validated in a series of systematic bench-top and MRI experiments, and the robot’s 

evacuation efficacy was tested in MR-guided phantom trials.

Results: The pneumatic motor was able to achieve a rotational accuracy of 0.32°±0.30° with 

the proposed variable gain PID control algorithm. The kinematic model provided a positional 

accuracy of the tube tip of 1.39±0.54 mm. The robot was able to evacuate an initial 38.36 mL 

clot, leaving a residual hematoma of 8.14 mL after 5 minutes, well below the 15 mL guideline 

suggesting good post-ICH evacuation clinical outcomes.

Conclusion: This robotic platform provides an effective method for MR-guided ICH evacuation.

Significance: ICH evacuation is feasible under MRI guidance using a plastic concentric tube, 

indicating potential feasibility in future animal studies.
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I. INTRODUCTION

The World Health Organization (WHO) reported stroke as the cause of over six million 

deaths in 2019, second only to ischemic heart disease as the leading cause of death [1]. 

Of these deaths, intracerebral hemorrhage (ICH), which is the hemorrhaging of blood 

due to ruptured blood vessels within the brain, accounts for 20% of total stroke deaths, 

bestowing it the title of the deadliest stroke sub-type. Due to the aggressive nature of ICH, 

40% of deaths occur within two days of symptom onset, suggesting a benefit to early 

hemorrhage evacuation following clinical decompensation to reduce intracranial pressure 

and perihematomal edema (PHE) development rate [2]. Despite the dismal outcomes of 

ICH and the need for urgency, conservative management (“watchful waiting”) has been a 

common treatment method due to the cortical disruption and brain shift associated with large 

craniotomies in these often critically ill patients [3].

Minimally invasive surgery (MIS) has proven to be a safer alternative to larger, open 

craniotomies for hemorrhagic clot evacuation [2]. Compared to craniotomy, MIS utilizes a 

narrow surgical corridor, which minimizes disruption, reduces recovery time, reduces risk of 

infection, and lowers medical costs [2]. Despite the many benefits and positive outcomes of 

MIS procedures, they are hindered by a lack of adequate hemorrhage visualization and tool 

dexterity [4]. This is due to the workspace constraint defined by the burr hole drilled into 

the skull, coupled with the limited degrees of freedom (DoF) of current rigid endoscopes [5], 

requiring surgeons to tilt and torque the stiff metal endoscopes (i.e., Artemis™, BrainPath®) 

through the burr hole to achieve a wide workspace [6]. This approach leads to brain tissue 

damage, creating what is colloquially referred to as a “cone of destruction” [6, 7].
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In recent studies, there has been a push to develop dexterous interventional devices 

with intraprocedural visualization techniques to address the limitations associated with 

conventional MIS. These dexterous MIS robots can generally be classified based on their 

method of achieving manipulation dexterity in the task space. These classifications are: 

(i) tendon-driven [8–12], (ii) bevel-tipped [13], (iii) shape memory alloy (SMA)-actuated 

[14–16], and (iv) concentric tube robots (CTR) [17]. CTRs are the ideal candidates for ICH 

evacuation as the inner tube of CTRs can be directly used for aspiration purposes. Several 

groups have implemented CTRs for a variety of neurosurgical procedures, including tumor 

resection, colloid cyst removal, and ICH evacuation [18–20].

Despite these novel robotic approaches for improving dexterity, none of the previously 

listed robotic systems completely address the lack of effective visualization intraoperatively. 

Godage, et al. presented a design that allows for CTR-based ICH evacuation with 

intraoperative discrete CT images [21]. However, CT applies ionizing radiation to the 

patient, requiring a cost-benefit balance between dynamic visualization and ionizing 

radiation exposure [22]. In our recent work, we have used MR-guidance for obtaining 

intraprocedural information on the clot topology during the evacuation procedure [23, 24]. 

However, the prior CTR prototype fabricated with nitinol materials created significant image 

artifacts, limiting the capability to accurately monitor the clot topology. For example, in 

[23], the nitinol tube induces a void 500% larger than the tube at the tip. Additionally, the 

potential heating of the metallic materials is another risk [25–29].

Motivated by the clinical needs and the current technical limitations, we propose the design 

and evaluation of a skull-mounted MR-conditional CTR made entirely of non-metallic 

materials for ICH evacuation, as shown in Fig. 1. While 3D-printed tubes have been used 

in the past for CTRs [30, 31], this paper presents the first use of off-the-shelf plastic 

tubes. Herein, we discuss the corresponding design, kinematic modeling, and overall system 

implementation and validation. This paper is arranged in the following way. Section II 

presents the clinical requirements for the robotic system, the robot hardware design, control 

algorithm, and the surgical workflow. Section III presents the plastic tube selection and the 

corresponding kinematic modeling of the variable curvature shape. Section IV presents the 

experimental setup, procedure, and results. The paper is concluded in Section V.

II. DESIGN, MODELING, AND IMPLEMENTATION

A. Clinical Requirements

Commercial ICH evacuation tubes possess an inner diameter ranging from 0.90 to 5 mm for 

evacuation of hematomas [6, 7, 32–34]. Herein, we elect to use a plastic tube possessing a 

relatively large inner diameter of 4 mm for the following reasons: (i) improved evacuation 

efficiency, (ii) elimination of the potential heat risk [29], and (iii) similar stiffness to 

metallic tubes used previously (Section III–A). It should be noted that while increasing the 

evacuation vacuum for smaller evacuating tubes can also improve efficiency and provide a 

less invasive approach, this does not provide the desired stiffness for brain tissue penetration 

if using plastic tubes with the same diameter. Conventional endoscopes used for delivery of 

the evacuation tube are generally 10 mm in diameter or less [35, 36]. Thus, to minimize 

tissue disruption, we also select an outer tube with a comparable outer diameter. Several 
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groups have demonstrated ICH evacuation using CTRs with a radius of curvature (RoC) 

ranging from 20 to 30 mm and lengths of curvature (LoC) ranging from 27 to 55 mm in the 

curved portion of the tube [21, 23, 37]. However, their tubes possessed an outer diameter < 

2 mm. Due to strain limitations of larger diameters, we elect to minimize the RoC (30 mm) 

of our tube based on the tube’s material (nylon) and its strain limit (10%) [31]. Additionally, 

the translational distance requirement of the CTR platform is determined as 85 mm. This is 

based on the finding that the most common ICH occurs at the basal ganglia [38], which is 

approximately 85 mm from the frontal bone. It should be noted that in this paper it is desired 

to obtain a positional accuracy similar to prior CTRs for ICH evacuation (< 2 mm) [23, 24, 

39].

B. Mechanical Design Overview

The robotic system is divided into three modular components (Fig. 2). These include: (i) a 

custom-designed stereotactic frame (SF), (ii) a three DoF concentric tube module (CTM), 

and (iii) a pneumatic transmission module (PTM). The proposed system is mounted to 

the patient with three screws via a 3D-printed SF, inspired by state-of-the-art personalized 

mounting methods [40, 41]. The SF is printed out of polylactic acid (PLA) using a 3D 

printer (F170, Stratasys, MN, USA). This allows a custom, compact skull mount to be made 

for a patient within 4 hours after the initial scan, ensuring robust mounting and reducing 

the time between clinical decompensation and evacuation. Note that although the frame does 

not include additional DoF, this frame’s compact nature enables entry through an incision 

anterior to the coronal suture while the patient is in the supine positione in the MRI bore, 

often the clinician’s predilection for entry in most ICH evacuations [42]. The CTM is linked 

to the SF using a quarter-turn locking ring. The PTM is coupled to the CTM through a 

series of plastic locating dowel pins, snap-fit latches, and splined transmission shafts. When 

aspirating, the inner tube is connected to an aspirator (Gomco Model 300, Allied Healthcare, 

FL., USA) through a pneumatic union.

C. Concentric Tube Module (CTM)

The CTM is made entirely of non-metallic components. The CTM chassis, inner and outer 

concentric tube carriers, and the inner concentric tube gears are all 3D-printed out of PLA. 

The CTM prototype is 66 mm in diameter and 242 mm in length. The CTM carriers are 

translated along carbon fiber rods (OD: 6.35 mm) with Delrin® bushings using plastic 

translational lead screws. The outer CTM carrier retains a fiberglass outer tube (OD: 7.93 

mm, ID: 6.2 mm) using a polygon spline and retaining clip (Fig. 3A). In a similar manner, 

the inner CTM carrier retains a nylon inner tube (OD: 6 mm, ID: 4 mm). The female 

polygon spline for the inner tube is embedded into a spur gear (Fig. 3B). The carriers are 

homed using optical limit switches and the rotational motion of the inner tube is homed 

using the index pin on a quadrature digital encoder.

D. Pneumatic Transmission Module (PTM)

MR-conditional actuators can be divided into three categories [45]: (i) piezoelectric 

actuation (directly driven and cable driven), (ii) hydraulic actuation, and (iii) pneumatic 

actuation. This work elects to use pneumatic actuation as the joint-space actuation modality 

for enumerated reasons. (i) Pneumatic actuation eliminates the magnetic interference that 
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often precludes synchronous imaging and motor operation in piezoelectric actuation [46]. 

(ii) Pneumatic actuation permits direct placement of the motor output shaft at the driven 

component. This prevents feedback corruption caused by backlash and hysteresis specific 

to the separation of the motor encoder feedback from the cable-driven robotic system. (iii) 

Pneumatic actuation can be provided by sterile air from the MRI room, avoiding the risk 

of compromising the sterile environment caused by leaking hydraulic actuation [45]. The 

PTM consists of three pneumatic bi-directional radial inflow turbines (Fig. 2), which were 

modified from our prior work [46]. Each motor is driven by two 10-m pneumatic lines 

routed through the MRI waveguide allowing bi-directional rotation. The long pneumatic 

lines are a unique feature of this motor, allowing decoupling of the electromagnetic 

interaction between the mechatronic devices and the MRI. Conversely, other pneumatic 

actuators often require pneumatic tubing less than three meters and the use of Faraday’s 

cages in the MRI room to eliminate image artifacts or safety concerns [47].

E. Mechatronic Hardware and Motor Control

The pneumatic motors are controlled using a 16-bit DMC-4163 Galil Motion Controller 

(DMC-4163, Galil, CA, USA). The flow to the motors is regulated using 5/3 normally 

closed pneumatic flow control valves (MPYE-5-M5–010-B, Festo, US). The DMC-4163 

normally operates with constant user-defined PID values. However, our system has two 

contradictory complexities that preclude the implementation of standard PID.

1. Our turbine motors have a high nominal speed (45,000 rpm). Consequently, a 

large gear reduction must be used (≥100:1). As a result, the friction induced 

by the plastic gearbox cause a significant dead-band region and requires a high 

proportional gain to overcome the dead-band region.

2. Our imaging modality requires long pneumatic lines, which introduces 

a significant delay. Thus, steady-state oscillation is exhibited with high 

proportional gains.

In order to efficiently operate the motor and maintain the accuracy required by the clinical 

requirements, a control law was developed that modifies the proportional gain as a function 

of the error and motor state. This control algorithm is inspired by MATLAB state machines 

and is summarized as follows:

KP err,ω = Region
0 err ≤ δ I

V d − b

err 20
216

δ < err ≤ errT and ω ≠ 0 II

V d − b

errT
20
216

err > errT and ω ≠ 0 III

V start

err 20
216

err > δ and ω = 0 IV

(1)
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where Kp is the proportional gain of the controller as a function of error, err, and 

rotational speed, ω, δ is the acceptable error tolerance δ = 1∘ , errT is the upper error bound 

errT = 90∘  for transitioning between a constant proportional gain (Region III) and a variable 

proportional gain (Region II), V start is the minimum voltage signal necessary to move the 

motor when rotational velocity is zero, and V d − b is the minimum voltage signal necessary to 

avoid the dead-band region as the motor approaches the target in Region II with a non-zero 

rotational velocity. The integral gain was KI = 0 to avoid a lagging behavior introduced by 

integral gains and the derivative gain was KD = 4000 (the controller maximum).

F. Intraoperative MR Imaging and Clinical Workflow

The MR-guided intervention was performed in a 70 cm wide bore, Philips 3 Tesla Ingenia 

Elition MRI System with a 2-channel body transmit/2-channel flex coil receive setup. The 

robot and clot were localized using 3D scout imaging and MR visible fiducials placed on the 

SF. The robot was registered using rigid-body registration. Dynamic images were taken at 

the region of interest (ROI) using single slice spoiled gradientecho imaging: FOV 240×240 

mm2, 1×1 mm2 resolution, TR/TE = 5/2 ms, and a dynamic scan time of 1 s/image. Prior 

to the robot performing a move to a target, the inverse kinematics are used to calculate 

the rotational angle of the inner tube in the robot frame, and the imaging plane is set 

to correspond to this angle, ensuring the curved inner tube motion can be monitored via 

real-time image feedback.

As part of providing a comprehensive discussion on our system implementation, we propose 

the following workflow.

1. Perform a preoperative scan to localize the clot. The clinician will define an 

insertion path based on the scan.

2. Select a set of pre-fabricated inner tubes with different curvatures to evacuate the 

complex hematoma topology.

3. Print the SF based on the clinician-defined path.

4. Mount the SF and use it as a guide for drilling the burr hole.

5. Transfer the patient to the MRI room for evacuation.

6. Connect the robot to the workstation and home the robot.

7. Mount the robot to the SF from the superior end of the MRI bore and register it 

to the MRI’s coordinate system. Locate the clot in the robot coordinate frame.

8. Initiate dynamic imaging for CTR insertion monitoring.

9. Evacuate the hematoma under MRI guidance until an acceptable residual 

hematoma remains.

10. Home the robot and remove the robot and SF.
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III. PLASTIC TUBE SELECTION AND MODELING

A. CTR Tube Selection

CTRs are typically fabricated with nitinol materials. However, our specified clinical 

requirements (minimize the MR-imaging artifact) of this project limit the scope of material 

selection to plastic materials with low elastic moduli (< 8 GPa), and consequently, larger 

inner diameters. This is justified by considering the tube used in our prior work [48]. The 

tube used was nitinol with the design parameters shown in Table 1 row 1. Using our force 

analysis model (Sec III–C), these design parameters result in a total force of 111.84 N 

needed to bend the tube into a straight configuration. Using nylon, a tube with the same 

design parameters as [48] requires only a total force of 4.96 N to bend the tube into a 

straight configuration. Note that this results in a tube with insufficient stiffness for the 

procedure. However, if the nylon tube matches our diametral dimensions, the total force to 

bend the tube into a straight configuration is 107.44 N (Table I). This analysis illustrates 

the need for larger plastic tubes for our clinical requirements. Herein, we use off-the-shelf, 

highly elastic nylon tubing for the inner tube with an outer diameter of 6 mm and inner 

diameter of 4 mm (50405K35, McMaster-Carr, GA, USA).

Plastic materials provide the unique advantage of a lower heat-setting temperature. This 

allows the ability to fabricate patient-specific curved tubes based on the pre-operative scan. 

To validate this concept, a heat gun is brought to a temperature of 350 °C and the plastic 

tube is heated for 30 seconds. Then the tube is placed in a fixture defining the desired RoC. 

This tube is allowed to sit for 3 minutes in the fixture and is then removed and cooled under 

running water, setting the tube shape.

It should be noted that spring-back, the tendency of a bent elastic material to revert to 

its original form after shaping, is a prevalent issue during the heat-setting process of any 

material [49]. To validate whether the inner tube can retain the pre-shaped configuration 

during operation, the inner tube prototype was shape-set with a desired RoC of 30 mm. This 

was done by first shape-setting the tube with a RoC (20 mm) smaller than the minimum RoC 

(30 mm). The tube was then placed inside the outer tube for 1 hour after cooling. The 1-hour 

straightening is meant to induce spring-back. Following straightening, an image was taken 

and it was found that an average RoC of 32.4 mm was obtained. The tube was then cycled 

in and out of the outer tube for 1000 cycles with a translational lead-screw mechanism after 

shape setting. An image was taken after cycling and the resulting average RoC of the inner 

tube was calculated as 33.4 mm. Note that this resulted in a maximum difference in the tip 

position before and after the cycling of 0.38 mm. Thus, we conclude that for a single ICH 

procedure, the nylon tube can sufficiently retain its shape.

B. Forward Kinematics

In this work, it was observed that the plastic presented variability in curvature across the 

length of the tube after shape-setting. Thus, a constant curvature approach cannot be used 

directly. Herein, we use a discretized, piece-wise constant curvature (D-PCC) model for 

the proposed tube. Note that we assume the outer tube possesses zero curvature and a 

sufficiently high elastic and torsional modulus.
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The model begins by first representing the inner tube’s shape as a function f(x) (Fig. 4). The 

inner tube’s first- and second-order derivatives are considered continuous, as the inner tube 

continuously bends. Thus, the curvature and arc length at any point along the function can be 

defined by

κ(x) = − f″(x)

1 + f′(x)2
3
2

(2)

ds x1, x2 = ∫
x1

x2

1 + f′(x)2dx (3)

where f′(x) and f″(x) are the first and second derivative of the function, x is the independent 

variable of the function, κ(x) is the curvature of the function at some point x, and x1 and x2

are the lower and upper bounds of integration used to determine the arc length for a discrete 

segment ds of the function.

Obtaining tube shape with respect to the insertion depth s requires the lower and upper limits 

of x. The upper limit of x occurs at the distal tip of the tube, which is xmax. However, the 

lower bound of integration xmin decreases with increasing s. We solve for xmin numerically by 

driving the left-hand side of (4) to zero using the fzero() function in MATLAB.

∫
xmin

xmax

1 + f′(x)2dx − s = 0 (4)

Using (2) and (3), the change in shape dT  of a discrete element of f(x) can be represented by 

the transformation matrix

dT κ x1 , ds x1, x2 =
1 0 0 0

0 cos(κds) −sin(κds) cos(κds) − 1
κ

0 sin(κds) cos(κds) sin(κds)
κ

0 0 0 1

(5)

Assuming that for an infinitesimal segment of the tube the curvature is constant, the tube can 

be discretized into n points and the total shape of the tube given an insertion depth s is

T 1
n(s) = ∏

j = 1

n
dT κ xj − 1 , ds xj − 1, xj (6)

where xj is defined by
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xj = xmin + j
n xmax − xmin (7)

Thus, the CTR’s full configuration is

T 0
n = T 0

1T 1
n(s) (8)

where T0
1 is defined as the transformation matrix caused by outer tube extension and inner 

tube rotation [23].

C. Torsional Modeling

When the inner tube is inside the outer tube, the force applied by the outer tube that 

straightens the inner tube produces a resistive torque when the inner tube is rotated, resulting 

in a tip position RMSE as high as 1 mm from torsional displacement alone. In this section, 

we develop a mechanics-based model that compensates for the torsional deflection of the 

inner tube. We again use a function f(x) to describe the inner tube’s shape.

We begin by considering a discrete section of the tube bent with curvature κ as a cantilever 

beam and calculate the force necessary to straighten the discrete section, as shown in Fig. 

4. We define the strain energy in this discrete section of the tube using Castigliano’s first 

theorem, which can be written as [50]

∂U
∂κ = FL (10)

where U is strain energy stored in the system, κ is the curvature of the tube, F  is the force 

applied to change the curvature of the discrete segment, and L is the moment arm of the 

applied force. To solve for the strain energy associated with a discrete section of the tube, it 

is first recognized that the strain ε in an axial fiber of any cross-section based on curvature κ
can be defined as [51]

ε(y, κ) = κ(y − y)
1 + y (11)

where y is the distance from a coordinate system defined in the cross-section of the rod and y
is the distance of the neutral bending plane from the same coordinate system. Using (11), the 

strain energy density within an axial fiber of the discrete section is equal to the area under 

the stress-strain curve of that fiber

W ε(y, κ(x)) = ∫
0

ε

σ(e)de (12)

where W  is the strain energy density as a function of strain and curvature, as defined by (11) 

and (2), and the stress σ. Thus, the strain energy induced by straightening a segment ds from 

its precurved configuration can be defined as
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dU x1, x2 =

ds x1, x2 ∫
0

2π∫
rID, in

rOD, in

W ε y, κ x1 rdrdϕ (13)

where rOD, in and rID, in are the outer and inner radius of the inner tube and ds the length of the 

discretized segment. Using (13), we can rewrite (10) in its discretized form to find the force 

applied to that segment as

dF x1, x2 = 1
ds x1, x2

∂dU x1, x2

∂κ x1
(14)

where ds is the moment arm. Using (14), the sum of all the discrete forces, i.e. the 

distributed load applied to the deflectable region of the inner tube when inside the outer 

tube, can be written as a function of insertion depth s as

F(s) = ∑
j = 1

n
dF xj, xj + 1 (15)

where n is the number of discrete segments and xj is defined as

xj = j
n xmax (16)

where xmax this section increases with insertion depth. xmax can be numerically solved for by 

driving the left-hand side of the following to zero

∫
0

xmax

1 + f′(x)2dx − smax − s = 0 (17)

It should be noted that (15) is the resultant force of the distributed load applied to the inner 

tube’s surface by the outer tube. By considering the resultant force to occur at a single point, 

the resistive torque can be solved for as

T(s) = μF(s)rOD, i (18)

where T(s) is the torque applied to the tube and μ is the coefficient of static friction between 

the inner and outer tube, 0.17 in this case. However, before torsional deflection can be 

evaluated, the location of the resultant force must be determined, which can be expressed as 

[50]

Lresultant(s) = ∑j = 1
n dF xj, xj + 1 ds 0, xj

F(s)
(19)

where Lresultant(s) is the location of the resultant force. Note that Lresultant(s) = 0 occurs at the 

proximal end of the deflectable region of the inner tube. Using (18) and (19), the angular 

deflection caused by an applied torque is
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φ(s) = T(s) Li − Lresultant(s) − s
JG (20)

where φ(s) is the angular deflection in radians between the base of the inner tube (at the 

polygon spline) and the location of the resultant force, Li is the total length of the inner tube, 

J is the polar second moment of inertia, and G is the shear modulus of the inner tube. Using 

φ(s), the torsional deflection of the inner tube can be compensated, improving targeting 

accuracy.

IV. EXPERIMENTAL PROCEDURE AND RESULTS

A. MR-conditional Pneumatic Motor Control

The pneumatic motor performance was evaluated with the robot in its assembled state, 

ensuring that system dynamics were included while characterizing the voltage values. The 

motors were driven using a compressor (8010, California Air, CA., USA) with a supply 

pressure of 90 psi. The starting voltage was measured by incrementing the signal voltage 

by 0.1 V, starting at 0 V. The voltage value corresponding to a non-zero rotational velocity 

was recorded as V start. In a similar fashion, V d − b was measured by incrementing the signal 

voltage by −0.1 V, starting at V start. The voltage value prior to zero rotational velocity was 

recorded as V d − b (i.e. if the motor stops rotating at 2.9 V, V d − b = 3.0 V). This was done for 

both clockwise and counter-clockwise rotation of the motor. For the motors controlling the 

translational axes, V start = ± 6.4 V and V d − b = ± 3.0 V. For the motor controlling the rotational 

axis of the inner tube, V start = ± 9.0 V and V d − b = ± 3.5 V. These parameters resulted in a 

motor accuracy of 0.32°±0.30° at the gearbox output shaft, which is an improvement on our 

prior work (1° error) [46].

An example of the motor used for the rotational DoF (gear reduction of 2500:1) transitioning 

between the constant PID and variable portion of the control law region during the MR-

guided experiment can be seen in Fig. 5A. A set point of 144° was prescribed at t = 0.846 s. 
The motor began to respond at 1.56 s and obtained a steady state error of zero at t = 8 s. 
The corresponding voltage signal provided by the control law is seen in Fig. 5B. It should 

be noted that the motor used to control the translational DoF use a 100:1 gear reduction (as 

shown in Fig. 5C), significantly increasing motor speed (resulting in a rotational speed of 

302 rpm at the output shaft of the gearbox and a translational speed of ~4 mm per second). 

This provides an improved speed over state-of-the-art piezoelectric motors (LR17 of 44 rpm, 

LR23–50 of 27 rpm, and LR23–80 of 27 rpm, all made by Faulhaber [47]), as well as 

current pneumatic based-actuators, such as 15 rpm in [52] and 70 rpm in [53]. Note that Fig. 

5C depicts a motor with a V d − b = 2.9 V (i.e. not the characterized 3.0V) for the translational 

DoF, and the resulting dead-band position can be seen (~5° error). However, it should be 

noted that 5° error for the translational DoF corresponds to a translational error of <0.01 

mm.
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B. Kinematic Model Validation

The kinematic model was validated first in 2D using a camera (5WH00002, Microsoft, 

USA) placed perpendicular to the longitudinal axis of the robot. The inner tube’s shape was 

characterized with the inner tube at an insertion depth of 29 mm (maximum insertion depth 

difference) with respect to the outer tube. A single picture of the tube was taken and a 4th 

order polynomial f(x) was fitted to the center-line of the tube shape. The inner tube was 

then configured with an initial insertion depth of 0 mm with respect to the outer tube (fully 

retracted), and inserted in increments of 1 mm up to 29 mm. At each increment, an image 

of the tube shape was recorded and points were selected along the center-line of the tube 

to obtain the experimental tube shape at each insertion depth. The model was then used 

to predict the tube shape at each increment. Examples of the tube shape using the model 

can be seen in Fig. 6A. Additionally, the model accuracy with respect to the number of 

nodes constructing the tube can be seen in Fig. 6B. Note that the model accuracy plateaus at 

approximately 100 nodes (the number of nodes used for evaluating accuracy in Table 2).

The results of the model and the piecewise constant curvature assumption at each insertion 

depth were both compared to the experimental images. The curvature for the piecewise 

constant curvature (PCC) (with respect to insertion depth) plot values were obtained by 

minimizing the error between the constant curvature assumption and the experimentally 

measured tip value using MATLAB’s fminsearch(). Table 2 presents the results of the two 

models compared to the experimental results. Note that the “Average” row represents the 

average RMSE for all insertion depths from 1 mm to 29 mm in 1 mm increments. The 

metrics of comparison were the average RMSE of the tip position of the tube and the 

average RMSE of the tube’s shape. The RMSE of the tube’s shape is defined as the average 

of the minimum RMSE at 1 mm increments along the tube’s body.

For example, at s = 10 mm, the minimum RMSE between the model and the experiment 

would be calculated 10 times, one for each 1 mm increment, and then averaged. Note that 

while the model results are comparable, the PCC model requires a priori knowledge of 

the tip position at each insertion depth (e.g. one image per desired insertion increment), as 

the shape is unknown. This does potentially improve tip accuracy, as the curvature value 

selected is obtained by minimizing the error of the tip position. Conversely, our model 

(D-PCC) obtains the tube shape based on a continuous function with a single image and 

improves the tube shape results.

C. Free-Space Modeling Validation

A set of experiments were performed in free-space to validate the model and robotic system 

in 3D (Fig. 7). The inner tube’s tip position was recorded using an Electro-Magnetic (EM) 

field generator (Aurora, NDI Medical, Ontario, Canada). The robot was rigidly mounted to 

the table and its coordinate frame was registered to the tracker coordinate frame through 

the point-based registration method. Forty-eight target points were randomly selected in 

the robot’s coordinate frame. The x and y target locations ranged between 8 and −8 mm 

(( |x | , | y | ) = (8, 8) results in s = smax = 29 mm) and the z target location varied between 20 

and 70 mm. The robot was able to maintain a targeting RMSE of 1.39±0.54 mm, which 

is an improvement over the case when torsion is not considered (RMSE 1.66±0.91 mm for 
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forty-eight additional points). Note that this average RMSE is comparable to CTRs that use 

metallic tubes (1.26 mm in [23], 1.73 mm in [24], and 1.00 mm in [39]).

D. Robot MR-conditionality and MRI Tube Artifact

MR-conditionality was validated using 3D T1 weighted imaging (Fig. 8A). A bottle water-

phantom was located at the isocenter of the MRI scanner and a region of interest (ROI) 

within the bottle was compared under two scenarios: (i) no robot in the MRI-scanner, and 

(ii) robot operating in the MRI-scanner. There was less than 1% change in signal to noise 

ratio (SNR) for both the robot off and robot operating conditions.

An imaging experiment was performed to provide a comparison of the signal void artifact 

produced by the selected plastic (6 mm OD) and fiberglass (7.93 mm OD) tubes to a nitinol 

tube (3 mm OD). 3D spoiled gradient-echo imaging (FOV: 240×240×240 mm3, 0.9×0.9 

mm2 resolution, TR/TE = 5/2 ms) was performed to visualize the tube artifacts, as shown in 

Fig. 8B. The size of the artifact was then compared to the original tube’s size. The artifact 

of the outer fiberglass tube, inner plastic tube, and sample nitinol tube each had a percent 

increase of 2.14%, 6.07%, and 440%, respectively, compared to their original diameter. This 

indicates the need for non-metallic tubes for ICH evacuation with MR-guided procedures.

E. MRI Targeting Accuracy Characterization

The robot’s tip accuracy was validated in the same scanner using a 10% by weight KnoxTM 

(Kraft Foods Global, Inc., USA) gelatin phantom (Fig. 9A). During the experiment, the 

phantom was placed in front of the robot with a pair of flexible imaging coils on either side 

of the phantom. The robot was first localized using MR visible fiducials (PinPoint® #128, 

Beekley, USA). Following localization, ten target locations were selected at different depths 

around the rotational axis of the inner tube in the MR coordinate system. These targets were 

converted to the robot’s coordinate frame and inverse kinematics were used to determine the 

joint space parameters needed to reach the target. Dynamic imaging (1 Hz) was performed 

(Fig. 9C) for visualization and accuracy validation. The accuracy was quantified based on 

the RMSE between the desired location and the robot’s final location, resulting in an average 

two-dimensional RMSE and standard deviation of 0.85±0.16 mm. It should be noted that the 

error is presumably lower for the MRI experiment due to the assumption that the center-line 

of the tube is in plane with the MRI’s 2D slice, as shown in Fig. 9B. However, the artifact of 

the tube in each 2D slice had an outer diameter of 6 mm, suggesting that the centerline of the 

tube lies in the slice plane.

F. MR-Guided Phantom Clot Evacuation

The clot evacuation efficiency was first tested in a phantom trial using a 10% by weight 

Knox
™

 (Kraft Foods Global, Inc., USA) gelatin phantom. The phantom was filled with a 

congealed artificial clot substitute that provided high contrast during MR-imaging, resulting 

in a 38.36 mL clot (Fig. 10A–B). The experimental setup was identical to the MRI phantom 

accuracy characterization; however, target points were periodically selected to evacuate 

the clot. After the procedure, the clot was segmented using 3D Slicer [54]. The resulting 

segmentation can be seen in Fig. 10C. The evacuation procedure lasted only 5 minutes under 

dynamic imaging, which is 10 times faster compared to our prior work. This is primarily due 
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to the increased aspiration tube dimension. Note that this high-efficiency evacuation can be 

particularly beneficial for patients with acute hemorrhage, as physicians aim to evacuate the 

hematoma quickly to release the intracranial pressure, preserving brain tissue.

As part of developing a comprehensive evaluation of the robot, five additional artificial 

hematomas were evacuated under MR-guidance to identify unanticipated failure patterns of 

the robot. These include two gelatin-based phantoms, one with a water-based hematoma 

and one with a congealed artificial clot; and three Mount Sinai hydrogel brain phantoms 

(Fig. 11 A–D), two with a gelatinous hematoma and one with a congealed artificial clot 

substitute. Several observations were made that indicate potential for system improvement. 

One concern was the absence of a cutting edge provided by obturator often used for delivery 

into the brain in manual evacuation [35]. Inclusion of a similar obturator would enable easy 

penetration into the brain. Another concern is clot viscosity. For example, using the aspirator 

shown in Fig. 1, the robot can easily evacuate a hematoma made of water or gel. However, 

our congealed artificial clot was significantly thicker, and requires higher vacuum to prevent 

clogging of the tube (>150 mmHg available in MRI scanner room). As a final note, for the 

clot volumes investigated in this work (near the basal ganglia and < 50 mL in volume), the 

workspace of the robot was sufficient for evacuation (Fig. 11B–D). However, future studies 

will investigate optimization of tube geometry selection.

V. CONCLUSIONS

In this article, we present the design and fabrication, mechanics modeling, and targeting 

validation of a CTR for MR-guided ICH evacuation. This article presents the first-ever use 

of off-the-shelf plastic tubes for CTR. Due to the variable curvature of these tubes and the 

low shear modulus of plastic, a new model was developed to analyze the kinematics. This 

model used a single image of the inner tube at its maximum insertion displacement from 

the outer tube to characterize the shape of the inner tube. The kinematics were then used 

in MR-guided evacuation, showcasing the robot’s evacuation efficiency. This work suggests 

plastic tubes can be effectively used for MR-guided ICH evacuation. Future work will 

investigate the development of a multi-DoF targeting frame for robot alignment, increasing 

functionality. Additionally, we aim to thoroughly investigate the modeling and control of the 

pneumatic motor.
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Fig. 1. 
The proposed MR-conditional Concentric Tube Robot (CTR) for ICH treatment.
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Fig. 2. 
The ICH CTR in its disassembled state shows three modules. A detailed view of the PTM 

can be seen.
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Fig. 3. 
(A) The outer carrier chassis can be seen holding the outer tube with the polygon spline and 

retaining clip. (B) In a similar fashion, the inner carrier can be seen holding the inner tube in 

the sectioned view.
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Fig. 4. 
The modeling strategy can be seen superimposed on a pre-curved tube of arbitrary shape 

defined by f(x). The modeling strategy for analyzing torsion can also be seen. Herein, the 

distributed load (red) applied across the inner tube’s body is divided into discrete elements. 

Note that the force of the discrete segment is applied at the distal end while the proximal end 

is assumed fixed to ground, isolating the discrete segment.
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Fig. 5. 
(A) The motor’s response to a setpoint of 144° with a resulting steady-state error of 0°. (B) 

The voltage signal supplied to the motor. The constant voltage in Region II is due to the 

control-law varying gain used to maintain a voltage level above the dead-band region. (C) 

The response of the translational motor can also be seen with a V d − b = 0.1 V less than the 

characterized value. The resulting 5.2° error can be seen, showcasing the need for using the 

characterized dead-band voltage.
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Fig. 6. 
(A) depicts the tube shape for different insertion depths calculated using the model (solid 

line). The dots represent the image locations corresponding to the tube centerline and the 

dashed line represents the piece-wise constant curvature assumption evaluation for different 

insertion depths with tip error minimization. (B) Error bars representing the average RMSE 

of the robot tip (blue) and shape (red) of the model based on the number of nodes across all 

insertion depths tested (i.e. 1 mm to 29 mm in 1 mm increments).
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Fig. 7. 
Bench-top setup used to validate the robot’s kinematic model.
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Fig. 8. 
(A) T1-weight images of the bottle phantom can be seen (left to right) with no robot and the 

robot turned on and operating. (B) The outer tube, inner tube, and nitinol tube can be seen 

inside a water phantom in the coronal plane of the MRI. There was a percent increase of 

2.14%, 6.07%, and 440% for the outer tube (initial OD: 7.93 mm), inner tube (initial OD: 

6.00 mm), and nitinol tube (initial OD: 3.00 mm), respectively.
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Fig. 9. 
(A) The robot in the MRI room. (B) An example of one dynamic slice can be seen with 

error between the target point (green star) and the tip position (red dot) superimposed on 

the image. (C) A time sequence of the inner tube entering from start to finish in the sagittal 

plane. Image intensity variations within the clot originate from artifacts caused by fluid flow.

Gunderman et al. Page 27

IEEE Trans Biomed Eng. Author manuscript; available in PMC 2024 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 10. 
(A) The tube can be seen within the phantom at the start of the evacuation procedure and (B) 

after the evacuation procedure. Note that (A) and (B) show the aspiration tube reaching two 

different target points during the procedure. (C) 3D scan was performed before and after the 

procedure and the clot volume was segmented to show the evacuation outcome.
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Fig. 11. 
(A) Robotic system with Mount Sinai brain phantom. (B) Clot prior to evacuation. (C) CTR 

inside brain phantom. (D) Clot after evacuation. The black region inside the brain indicates 

the hollow cavity after clot evacuation.

Gunderman et al. Page 29

IEEE Trans Biomed Eng. Author manuscript; available in PMC 2024 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Gunderman et al. Page 30

Table 1.

Comparison of Bending Stiffness to Tube Properties

Tube Material OD [mm] ID [mm] ROC [mm] LOC [mm] Fbend [N]

Nitinol1 2.2 1.5 20 27 111.84

Nylon2 2.2 1.5 20 27 4.96

Nylon3 6 4 20 20 107.44

1.
The nitinol tube used in [48].

2.
A nylon tube with the same properties, RoC, and LoC of (1).

3.
The materials properties of our tube with the same RoC and LoC of (1).
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