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Abstract— Robotic-assisted medical systems (RAMS) have
gained significant attention for their advantages in alleviating
surgeons’ fatigue and improving patients’ outcomes. These
systems comprise a range of human-computer interactions, in-
cluding medical scene monitoring, anatomical target planning,
and robot manipulation. However, despite its versatility and
effectiveness, RAMS demands expertise in robotics, leading to
a high learning cost for the operator. In this work, we introduce
a novel framework using mixed reality technologies to ease
the use of RAMS. The proposed framework achieves real-time
planning and execution of medical instruments by providing 3D
anatomical image overlay, human-robot collision detection, and
robot programming interface. These features, integrated with
an easy-to-use calibration method for head-mounted display,
improve the effectiveness of human-robot interactions. To assess
the feasibility of the framework, two medical applications are
presented in this work: 1) coil placement during transcranial
magnetic stimulation and 2) drill and injector device positioning
during femoroplasty. Results from these use cases demonstrate
its potential to extend to a wider range of medical scenarios.

I. INTRODUCTION

Robotic-assisted medical systems (RAMS) have been
rapidly developing and revolutionizing the paradigm in op-
erating rooms in recent years. These systems are capable
of enhancing dexterity, alleviating fatigue for medical staff,
and minimizing errors during surgical procedures [1]. These
benefits are attributed to dedicated consoles that allow dex-
terous surgical operations and versatile imaging modalities
that ensure the representation of intricate anatomy.

One of the core functionalities of RAMS is to position
and manipulate medical instruments such as drills, milling
tools, or endoscopes through a console [2]–[4]. However, the
operation of RAMS usually leads to a visual discontinuity
in which the operator needs to shift focus from instruments
to the screen of the navigation system, thereby detracting
attention from patients [5], [6]. The absence of a line of
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sight to the anatomical site can increase the likelihood of
medical errors such as unintended collision and sub-optimal
tool placement. A constant need to switch focus would
intensify the operator’s fatigue and reduce efficiency during
the procedure. Thus, it is beneficial to develop an informative
and uninterrupted human-robot interface for RAMS. To this
end, emerging mixed reality (MR) technologies shed light
on potential solutions to the challenges [7].

The integration of MR and robotic systems in medical
applications has enhanced the operator’s ability in perceiving
anatomical structures and surgical plans that are overlaid on
real-world scenes [8]–[11]. Motivated by mitigating the gap
between inexperienced operators and the required robot pro-
gramming skills, researchers proposed novel MR frameworks
to enable intuitive and easy-to-learn robot programming and
teaching interfaces [12]–[16]. Moreover, methodologies to
convey motion intents of robots to humans have been inves-
tigated to ensure safe human-robot collaboration [17]–[19].
These works commonly focus on enhancing the operator’s
perception and control over the robotic system, yet they
overlook the importance of informing the robot about the
operator’s status. The integration of anatomy visualization
with robot programming interfaces, coupled with human-
robot mutual perception (i.e., both the operator and the robot
are aware of each other), has not been fully explored in
RAMS.

In this paper, we propose a novel RAMS framework based
on MR and human-robot mutual perception for medical
instrument planning and execution. The framework enables
the visualization of anatomical overlay and uses a hand-held
device to facilitate the localization of anatomical targets.
A converter is designed to transform the operator’s avatar
into detectable objects, allowing the robot to be aware of
the operator’s location and prevent possible collisions. In
addition, a robot programming interface is developed for
trajectory preview and waypoint adjustment.

Before implementing the proposed system, one of the
indispensable prerequisites is to overlay rendered virtual
objects with their physical counterparts. The accuracy of
the overlay can affect user experience and the effectiveness
of planning. Researchers have proposed various methods to
calibrate the transformation from the virtual scene to the real
world. These methods include registering two movement sets
acquired by a head-mounted display (HMD) and an external
tracking system [20], manually aligning virtual landmarks
with their real counterparts [21], and registering the point
clouds of virtual model and real scene [13]. Existing meth-
ods require repetitive virtual-to-real calibration after each
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Fig. 1. System diagram. Arrows indicate the data flow directions within the system. The system consists of three main modules: The instrument placement
planner, collision object converter, and robot programming interface. The instrument planner (top left block) processes user input and visualizes overlaid
medical images such as MRI, as well as previews the instrument placement. The collision object converter (bottom left block), built on the motion tracking
and spatial localization functionalities of MR-HMD, maps the operator’s motion to a customized avatar and then converts the avatar to collision objects
for robot trajectory planning. The robot programming interface (right block) is responsible for trajectory planning, preview of the planned trajectory, and
waypoint adjustment. Once the operator confirms the trajectory, the robot will automatically execute the instrument placement.

launch of the MR application, making the procedure time-
consuming. As the amount of rendered graphics increases,
running online calibration algorithms becomes even more
challenging due to the limited computation resources of
HMDs. To simplify the calibration process and enhance its
reusability, we propose a virtual-to-real calibration method
by combining an external tracking system and an inside-out
tracking module of MR-HMDs developed by [22].

To evaluate the feasibility of the proposed framework,
we implemented the system in two medical use cases: coil
placement in Transcranial Magnetic Stimulation (TMS) and
drill and injector positioning in femoroplasty (detailed in
section III).

In this work, we made the following contributions:
1) A novel RAMS framework that combines MR and

human-robot mutual perception to provide safe medical
instrument planning and execution.

2) An easy-to-use method for virtual-to-real calibration
that facilitates the overlay of virtual scenes onto the
real world.

3) Evaluation of the proposed framework, including the
virtual-to-real calibration method and the instrument
alignment results using two medical use cases.

II. METHOD

A. System Description

The system comprises three main modules: an interface
for instrument placement planning, a collision object con-

verter based on avatar, and a robot programming interface.
Together, these components help the operator observe the
patient’s anatomy in-situ, preview the planned trajectory of
the robot, and enable secure execution of tool placement.

1) Instrument Placement Planner: The instrument place-
ment planner, shown in Fig.1, allows the operator to deter-
mine the anatomical target of interest and intuitively preview
the placement. Before confirming the target, the operator
is able to observe the overlay of the patient’s magnetic
resonance imaging (MRI), which is preprocessed by medical
image segmentation tools [23] and 3D computer graphics
software [24], [25]. By viewing the MRI overlay, the operator
can focus on the region of interest and plan the target with a
customized hand-held device (clicker). The clicker, equipped
with a microcontroller, an optical marker, a probe, and a
joystick, can assist the operator with determining anatomical
targets in-situ without shifting focus to conventional displays.
A virtual ray of light is projected along the probe’s axis,
which intersects with the segmented medical image. On the
projected area, a colored spot designates the target position in
real time. After pressing the joystick, the operator can define
an initial target position and subsequently fine-tune it using
the joystick. The target position is then sent to the instrument
pose calculator described in [26] and [27]. The preview of the
instrument uses the calculated pose, and assists the operator
in understanding the intended placement pose.

2) Collision Object Converter: Since previewing the
planned pose of the instrument can help the operator identify
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potential sub-optimal placements that cause inconvenience
or injury to the patient. Likewise, enabling the robot’s
awareness of the operator may help to eliminate potential
collision when the robot is in motion. To achieve this, an
avatar representing the operator is created using Ready Player
Me 1. An HMD (Microsoft HoloLens 2) is then used to
capture the motion of the operator and map that motion to
the avatar. Considering the HMD’s limitation in capturing
full-body motion, hand-tracking and head-tracking results
of the HMD are transformed, using inverse kinematics, to
reconstruct the configuration of the avatar’s upper limbs and
head, respectively. The avatar’s main components, including
upper limbs, head, and main body, are then converted to
simple geometric shapes and are considered as collision
objects in the robot trajectory planner (see Collision Object
Converter in Fig.1). By converting the operator’s avatar to
collision objects, the framework can help the robot obtain
the spatial information of the operator and avoid potential
collisions.

3) Robot Programming Interface: Once the instrument’s
placement pose is confirmed, the operator can send it to the
robot trajectory planner, which is supported by the motion
planning framework MoveIt! [28]. Taking the collision ob-
jects into consideration, the planner will plan a collision-free
trajectory and send it back to the HMD. This step allows
the operator to preview the robot’s trajectory overlaid on the
real world. If the current trajectory lacks in safety or preci-
sion, the operator has the option to modify the trajectory’s
waypoints and re-plan it to achieve better outcomes. Once
satisfied with the planned trajectory, the operator can then
confirm the execution of instrument placement (see Fig.1,
Robot Programming Interface).

B. System Kinematics

Determining the placement of the medical instrument on
the targeted anatomy or understanding the operator’s relative
position to the robot requires the kinematic transformations
between each object. An external tracking system (NDI
Polaris Vicra 2) is used to track the optical markers attached
to the objects. The kinematic chain of the system in robotic-
assisted TMS is shown in Fig. 2. As the figure denotes, the
proposed system incorporates multiple components, includ-
ing an HMD (HoloLens 2), the patient’s body with its MRI,
a clicker, a TMS coil, and a robot.

The transformation from the optical marker fixed on the
HMD to the HMD’s local coordinate system, depicted in
Fig 2, is obtained through the virtual-to-real calibration
described in Section II-D. The system requires subject-image
registration to align the MRI with the subject’s body, as well
as instrument calibration to find the poses of the instrument
relative to the robot and the tracking system. We register
the medical image to the subject by paired-point registration
and Iterative Closest Point (ICP) algorithms [26], [29]–[31].
Additionally, instrument calibration is done by using the

1Ready Player Me, Inc., Estonia
2Polaris NDI, Northern Digital Incorporated. Ontario, Canada
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Fig. 2. Kinematics of the system using robot-assisted TMS as the use
case. The solid arrows denote the transformations directly obtained by the
external tracking system, HMD, or calibration/registration, while the dashed
arrows denote the derived transformations. Note: colored RGB axes and {·}
represent coordinate systems.

tool center calibration method presented in [27] and the
geometry-based end-effector calibration method described in
[32].

C. System Communication

To improve the performance of the HMD (i.e., HoloLens
2), we run the application on Unity 3D using the Holographic
Remoting functionality supported by Microsoft. The commu-
nication of the proposed system (Fig. 3) connects the HMD
to a PC through TCP/IP and allows the PC to perform graph-
ics rendering, significantly reducing the computation load of
the HMD. Correspondingly, the HoloLens 2 streams back
user input and motion tracking results to the applications
on PC. The applications then map the motion to the avatar
and converts the avatar to collision objects. Along with the
target pose of the instrument, the collision objects are sent
to the trajectory planner of MoveIt!. The Robot Operating
System (ROS) and the integrated medical robotic system in
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Fig. 3. The communication network of the system. Four main components
— HoloLens 2, Unity, ROS, and Hardware — are connected using various
methods. Each component encapsulates sub-elements divided by function-
ality. Ethernet is used for robot and sensor connections, and Transmission
Control Protocol/Internet Protocol (TCP/IP) and User Datagram Protocol
(UDP) are used for wireless communication.
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[26] are responsible for connecting the hardware, including
the tracking system, the clicker, and the robot.

D. Virtual-to-Real Calibration

1) Calibration Method: Accurate virtual-to-real calibra-
tion ensures the proper overlay of the rendered graphics
onto physical objects. Before computing the transformation
from the virtual world coordinate system {W} to the external
tracking system {N} (shown in Fig. 4), the proposed method
first determines the transformation between the HMD’s local
coordinate system {H} and the optical maker on the HMD
{Oholo}. Besides the external tracking system (i.e., NDI
Polaris), an inside-out tracking module (STTAR) deployed
on HoloLens 2 is used [22], [33]. STTAR utilizes the built-
in cameras of HoloLens 2 to localize passive retro-reflective
markers and has sub-millimeter accuracy when used within
250 mm to 750 mm in depth. Considering the larger range
and better accuracy provided by NDI Polaris [22], [34],
the proposed system only uses STTAR in the virtual-to-real
calibration as an auxiliary tool for measurement.

The calibration scheme is shown in Fig. 4a. We use
both tracking systems to track a reference optical marker
that is not attached to HoloLens 2 and then calculate the
transformation Oholo

H T :

Oholo
H T =N

Oholo
T−1 ∗N

Ore f
T ∗H

Ore f
T−1 (1)

where the transformation from HoloLens 2 to the reference
optical marker H

Ore f
T is obtained by STTAR, and the trans-

formation matrices N
Ore f

T and N
Oholo

T−1 are obtained by NDI

Polaris. Integrating Oholo
H T into the known kinematic chain,

we can derive the transformation from the virtual world
coordinate system to the NDI Polaris coordinate system:

W
N T =W

H T ∗Oholo
H T−1 ∗N

Oholo
T−1 (2)

With the transformation between the virtual scene and the
real world, we can overlay virtual content onto real-world
objects correctly. The calibration does not rely on the op-
erator’s skills. In addition, [35] has shown that the pose
of the optical marker with respect to the device’s origin is
unchanged. Thus, the calibration result is reusable.

2) Calibration Evaluation: Though the virtual-to-real cal-
ibration can be achieved without human bias, the evaluation
still depends on the operator’s perception. The kinematic
chains of the evaluation method are shown in Fig. 4b. In this
method, we manually place the physical reference marker
Ore f in a known position and align a virtual reference marker
VOre f on it. We can get the transformation between two real
markers (Ore f and Oholo) through NDI Polaris and the trans-
formation between two virtual markers (VOre f and VOholo)
through HoloLens 2. Then, we can calculate the virtual-to-
real calibration error Oholo

VOholo
T which is the transformation

from the real optical marker Oholo to the virtual optical
marker VOholo:

Oholo
VOholo

T =N
Oholo

T−1∗N
Ore f

T ∗VOre f
Ore f

T−1∗W
VOre f

T−1∗W
H T ∗H

VOholo
T

(3)

III. MEDICAL USE CASES

In this section, we show the implementation details of the
proposed framework in two medical cases: coil alignment
in robot-assisted TMS, and drilling and injection device
alignment in robot-assisted femoroplasty.

A. Robotic-Assisted TMS

TMS is a non-invasive neuro-modulation technique that
uses rapidly changing magnetic fields to stimulate a specific
region of the brain. It is used in the study of brain function
[36]–[38] and the treatment of psychiatric and neurologi-
cal disorders [38], [39]. TMS procedure typically involves
placing a TMS coil that generates focused magnetic pulses
over the head to induce micro-currents in a cortical area.
Robotic-assisted TMS has shown promising advantages in
improving repeatability and accuracy for TMS coil place-
ment and avoiding operator’s fatigue by eliminating the need
for manual alignment [26], [27], [40], [41]. Nevertheless,
novel interaction and visualization methods in the context of
robotic-assisted TMS have not been explored. In this work,
we assess the feasibility and the instrument placement accu-
racy of the proposed MR framework deployed on robotic-
assisted TMS.

TMS coil placement is an alignment task that moves the
robot-held coil to a planned pose by commanding the robot.
The planned pose of the TMS coil represents the desired pose
on the scalp corresponding to a target cortical location in
the brain. Accordingly, the MR framework for robot-assisted
TMS has the following workflow:

1) The operator registers the MRI to the subject’s head
and calibrates the TMS coil with the robot.

2) By using the clicker, the operator determines a cortical
location of interest. The target location is then fed to
the neuronavigation system detailed in [26], [27] for
calculating the TMS coil pose.

3) The preview of the coil placement is presented to
the operator who can either start the robot trajectory
planning or redefine the target location by using the
clicker.

4) Incorporating the spatial information of the operator,
the trajectory planner of MoveIt! takes the potential
collision into consideration and generates a feasible
trajectory.

5) By observing the trajectory overlaid onto the real
world, the operator has the option to redefine way-
points to create new trajectories or proceed with the
placement if it aligns with expectations.

B. Robotic-Assisted Femoroplasty

Femoroplasty, or femoral bone augmentation, is a min-
imally invasive surgical procedure designed to prevent hip
fractures [42], [43]. In femoroplasty, bone cement is injected
into the proximal femur to increase its strength [44], [45].
Previous works have explored surgical trajectory planning
and execution in femoroplasty and developed robotic meth-
ods to improve drilling and injection accuracy [46]–[48].
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The main task of robot-assisted femoroplasty is to align
a custom-designed Robotic Drilling and Injection Device
(RDID) to the line connecting the greater trochanter surface
of the femur and the injection point [48]. The use case
of robot-assisted femoroplasty shares the same kinematics
shown in Fig. 2. The workflow of the femoroplasty adheres
to the same policy of the TMS case and also involves subject-
image registration, anatomical target planning, instrument
pose computation, robot trajectory planning, and placement
execution.

IV. EXPERIMENTS

A. Experiment Setup

The proposed system operates on two host PCs. PC 1
is equipped with an Intel Core i7-12700H Processor, 16
GB DDR5 RAM, and an NVIDIA GeForce RTX 3060
Laptop GPU. It runs Unity 2021.3.8f1 with the Mixed

Reality Toolkit (MRTK) 2.8.2 on Windows 10 and connects
with a Microsoft HoloLens 2 via the Holographic Remoting
Player 2.9.1. Meanwhile, PC 2 runs ROS Ubuntu 20.04 and
interfaces with a robotic arm (LBR iiwa 7 R800 robot, Kuka,
Germany) and an optical tracking system (NDI Polaris Vicra,
Northern Digital Inc., Canada). A microcontroller (Nano 33
IoT, Arduino, Italy) embedded in the clicker communicates
with the ROS network via UDP. The experiment setup can
be viewed in Fig. 5.

B. Experiment Results

1) Evaluation of Virtual-to-Real Calibration: For error
analysis, we conducted 50 trials of virtual-to-real calibrations
in which the operator held the HMD and placed the reference
optical marker in different poses each time. After obtaining
the calibration results, the operator performed the evaluation
by aligning a virtual reference marker, using hand gestures
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and a keyboard, to the real marker in a single trial. Fig. 6
shows both translation and rotation errors of the calibration
error defined in section II-D.2. The overall translation error
(Euclidean) is 4.88±0.85 mm, and the rotation error (angle-
axis representation) is 0.67±0.14◦.

Fig. 6. Calibration errors of the transformation between the local coordinate
system of the HMD and the optical marker affixed on the HMD. The results
show the errors in 50 trails of calibrations. The errors are separated into
translation and rotation about the x, y, and z axes. The overall translation
error is denoted by t in (a), and the overall rotation error around a single
rotation axis is denoted by s in (b).

2) Evaluation of Medical Cases: We conducted 10 trials
of different alignments for each medical case. In each trial,
we use the proposed framework to plan a target pose on
the body (phantom head for TMS and phantom femur
for femoroplasty) and command the robot to execute the
alignment. Fig. 7 shows the alignment errors between the
planned and executed target poses. The average translation
errors of TMS and femoroplasty are below 2 mm (1.88±1.21
mm and 1.48± 0.53 mm, respectively), while the average
rotation errors are below 0.6◦ (0.51±0.51◦ and 0.42±0.31◦,
respectively). The results show the viability and accuracy of
the system in both medical cases.

Fig. 7. Medical instrument placement results. (a) and (b) present the
translation and rotation errors of the coil placement in TMS, respectively.
(c) and (d) present the translation and rotation errors of the RDID placement
in femoroplasty, respectively. The notations follow the same convention
described in Fig 6.

V. DISCUSSION

Compared with the sub-millimeter accuracy of STTAR
and NDI Polaris, the calibration errors in translation were
relatively large. The issue may arise from the insufficient
alignment skills and perception bias of the operator since
a small rotation difference in the alignment could cause a
large translational offset. An user study that involves multi-
users and multi-trials may better reflect the quality of the
calibration. The calibration process requires the operator to
hold the HMD and collect the data. Thus, the other error
sources may include the tremor of the operator and the
data asynchrony between the HMD and the tracking system.
The translation accuracy might be further improved with an
auxiliary stand for stabilizing the HMD.

The calibration error affects the accuracy in determining
the anatomical target. However, it does not affect the kine-
matic accuracy of the robot execution which depends on
subject-image registration and instrument calibration instead.
The decoupled relationship is supported by the low trans-
lation and rotation errors in the medical cases compared
to the calibration error. The calibration result also affects
collision avoidance which needs the pose of the operator. To
compensate for the calibration error, the operator could set a
larger volume for each geometric shape converted from the
avatar.

Since the current work only presents a technical pilot
study, a detailed user study is required to thoroughly validate
the robustness and efficacy of the proposed framework. This
study should involve recruiting participants to contrast our
method with the traditional RAMS. A more comprehensive
data analysis could be carried out after obtaining sufficient
user samples. Additionally, further improvements are worth
exploring such as developing multimodal input and feedback
for the hand-held device and enhancing the robustness of the
trajectory planning process that considers the dynamic nature
of human motions.

VI. CONCLUSION

In this work, we propose a novel RAMS framework using
MR to facilitate the planning and execution of medical
instrument placement. The framework provides informative
image overlays and a handheld device for the identification of
anatomical targets. Additionally, the proposed system ensures
safe human-robot interaction through mutual perception. An
easy-to-implement calibration technique is also presented
to align virtual content and the real world accurately. The
system was verified through its application in two medical
scenarios: robot-assisted TMS and femoroplasty. The results
demonstrate the system’s practical viability and its potential
for broader application in various RAMS contexts.
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