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A Digital Twin for Robotic Post Mortem Tissue
Sampling using Virtual Reality
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Abstract—Studying tissue samples obtained during autopsies
is the gold standard when diagnosing the cause of death and
for understanding disease pathophysiology. Recently, the interest
in post mortem minimally invasive biopsies has grown which is
a less destructive approach in comparison to an open autopsy
and reduces the risk of infection. While manual biopsies under
ultrasound guidance are more widely performed, robotic post
mortem biopsies have been recently proposed. This approach
can further reduce the risk of infection for physicians. However,
planning of the procedure and control of the robot need to be
efficient and usable. We explore a virtual reality setup with
a digital twin to realize fully remote planning and control of
robotic post mortem biopsies. The setup is evaluated with forensic
pathologists in a usability study for three interaction methods.
Furthermore, we evaluate clinical feasibility and evaluate the
system with three human cadavers. Overall, 132 needle insertions
were performed with an off-axis needle placement error of
5.30 ± 3.25 mm. Tissue samples were successfully biopsied and
histopathologically verified. Users reported a very intuitive needle
placement approach, indicating that the system is a promising,
precise, and low-risk alternative to conventional approaches.

Index Terms—Virtual Reality, Robot Control, User Interface,
Soft Tissue, Path Planning

I. INTRODUCTION

T ISSUE samples are important to investigate the underly-
ing pathophysiology and, if sampled post mortem (PM),

to investigate the cause of death. Commonly, multiple tissue
samples are extracted from a cadaver during an open autopsy.
However, its invasive nature entails limitations, e.g., it may
be rejected by next of kin and it carries a risk of infection
for clinical and forensic pathologists [1]. For example, during
the COVID-19 pandemic authorities were initially hesitant to
order autopsies to avoid further spread of the novel virus. Note
that consequences of infection are even more serious for other
diseases, such as viral hemorrhagic fevers. Hence, minimally
invasive tissue sampling has been proposed as an alternative
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Fig. 1. Virtual reality guided tissue biopsy with a robot: Top: The user
defines biopsy targets in CT images and plans 3-dimensional insertion paths
inside a custom-designed VR application. The system allows fully remote
planning and control of robotic biopsies. Bottom: An LBR Med robot (A)
mounted to a mobile platform (B) positions needles inside a cadaver (C).
Before insertions, a CT scan (D) is acquired. The robot is calibrated relative
to the CT system with a tracking camera (E) and a phantom (F). The clinician
is not present in the intervention room during planning and needle insertion.

to conventional autopsies in studying the pathomechanisms of
infectious diseases [1], [2].

Typically, during minimally invasive tissue sampling, the
physician manually inserts a needle close to the tissue tar-
get using image guidance, e.g., by ultrasound [3]. While
commonly applied in clinical practice, manual PM biopsies
pose additional challenges. First, direct contact between the
performing pathologist and the cadaver should be minimized
to limit potential disease transmission. Second, needle place-
ment by hand can be tedious, especially when systematically
sampling a large number of tissue samples, e.g., for biobanking
during a pandemic. Inserting biopsy needles with a robot can
compensate for these drawbacks. Several robotic systems for
pre-aligning a needle have been proposed [4], [5]. Systems
that visually assist the surgeon during needle placement by
hand are used clinically, e.g., with a laser mounted on a
robot projecting the needle trajectory [6]. To further assist
the physicians, collaborative robotic needle insertion has been
studied with haptic force feedback from needle tip forces [7].
In contrast to clinical biopsies, PM tissue sampling offers
greater potential for automation, as vital structures can be
penetrated and do not continuously translate in the absence
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Fig. 2. System communication: Overview of the communication links between the control and the intervention room.
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Fig. 3. Relevant transformations: System transforms applied in the inter-
vention room (a) and in the VR application (b). Transforms indicated in red
are identical for both.

of respiratory motion. To this end, a fixed ceiling-mounted
robotic system for inserting biopsy needles has been presented
[8]. More recently, a flexible approach using a lightweight
robotic arm has been demonstrated [9]. This system can be
fully deployed and removed from the interventional suite.

The examples illustrate that automatic needle placement in
cadavers is feasible. However, another aspect is the integration
of robotic systems in the clinical workflow. Ideally, interac-
tion and path planning should be simple and tractable for
physicians, without requiring extensive training. Particularly,
virtual reality (VR) and augmented reality (AR) allow planning
of robotic needle insertions. Several AR-based systems that
project clinical image data directly onto the patient during
needle placement exist [10]. Also, VR systems for clini-
cal diagnostics [11] and to enable 3D planning of surgical
interventions, e.g., for pedicle screw placement [12], have
been studied. These systems typically reduce the cognitive
load when interacting with 3D structures and offer a more
intuitive representation of volumetric image data. Also, remote
operation of a robot is feasible, but has not been studied for
PM tissue biopsies.

In this work, we present a novel mobile VR-guided robotic
PM biopsy system. We designed a VR intervention room as
a digital twin, including a robot for actual needle insertion.
Medical experts interact with the CT data on a life-size model
and directly define the target and the needle path without
physical presence in the intervention room. This intuitive plan-
ning approach includes robot motion constraints and mitigates
potential disease transmission to medical personnel. First, we
summarize the proposed system. Second, we introduce three

VR planning scenarios with different levels of immersion.
Third, we evaluate user interaction with a cohort of medical
experts. Finally, we extract actual tissue samples from three
cadavers and estimate the sampling accuracy.

II. METHODS

A. System Components and Calibration

The system is set up in two separate rooms. As shown
in Fig. 1, the user is located in the control room while the
cadaver, robot, and CT scanner are located in the intervention
room. The user is equipped with a commercially available
VR headset (Quest3, Meta, California, USA) with a display
resolution of 2064 × 2208 pixels per eye and a frame rate of
72 Hz. The setup in the intervention room is depicted in Fig. 1,
bottom. Volumetric images of the cadaver are acquired with
a CT system (Incisive CT 128, Philips, Hamburg, Germany)
with a slice resolution of 0.45 mm and an in-slice spatial
resolution of 0.98 mm. A lightweight robot (LBR Med 14,
KUKA, Augsburg, Germany) is mounted on a mobile plat-
form that can be freely positioned next to the CT table.
The robot is equipped with a custom end-effector (EEF)
to mount biopsy needles. An optical tracking camera with
reference system C (fusionTrack 500, Atracsys LLC, Puidoux,
Switzerland) records the positions of retro-reflective markers
attached to the EEF. Also, a reference system TB is defined on
the mobile platform. A custom phantom with retro-reflective
markers RM and embedded steel balls SB is positioned on
the thorax of the cadaver and fixed with two tension straps,
similar to [9]. To allow robust estimates SB from CT image
data, a CNC-machined grid (5 × 4, 25 × 30 mm spacing) is
integrated in the phantom with steel balls of radii 2 mm and
5 mm to facilitate pose estimation. The rigid transformation
between the retro-reflective marker and the steel balls RMT SB

is estimated with a calibrated stylus that is tracked by the
camera C. The rigid transformation between the EEF and
the needle tip is calibrated with a four-point pivot calibration
method (Sunrise.OS Med 2.6, KUKA, Augsburg, Germany).

B. Registration and Robot Path Planning

The transformations of the system are depicted in Fig. 3a.
We perform a hand-eye calibration to estimate the trans-
formation from the robot base coordinate system B to the
retro-reflective tracking marker TB mounted to the mobile
platform. We use the QR24 algorithm [13] to estimate the rigid
transform BT

TB and record 50 robot poses as recommended by
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Scenario 3
3D Planning

Scenario 2
Hybrid

Scenario 1
2D Planning

Robot Insertion:
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Unfeasible Area

Fig. 4. VR needle path planning scenarios: We design 3 scenarios to plan
needle insertion points. Each scenario contains a CT scanner, a screen, and
robot. Projected on the skin model is the maximum Hounsfield unit between
insertion and target point. Saturated colors indicate insertions that are feasible
for the robot and faded colors vice versa. The green biopsy needle (green
ellipse) indicates the current chosen needle trajectory. In scenario 1 the user
defines the needle insertion point on the screen with a hand-held controller
(red ellipse). In scenario 2 the user virtually grabs the biopsy needle. Two
orthogonal projections of the needle axis are displayed on the screen. In
scenario 3 the user virtually grabs the biopsy needle. A CT image is projected
inside the cadaver.

the authors. The calibration of the system takes 358 ± 32 s. We
acquire a CT scan of the cadaver and subsequently position the
cadaver relative to the robot by adjusting the CT table position.
Next, the transform CT

RM and TBT
C are recorded with the

tracking camera. In the CT image data, the position of the steel
balls in the phantom is obtained by thresholding. Additionally,
the known CNC machined positions of the grid are matched to
the extracted positions using the iterative closest point (ICP)
algorithm and the transformation SBT

CT is estimated. The
transformation between the robot base B and the CT imaging
system CT is then estimated with

BT
CT = BT

TB
TBT

C
CT

RM
RMT SB

SBT
CT. (1)

The communication links and protocols are depicted in
Fig. 2. We use a PACS server to transfer CT image data to the
workstation in the intervention room. The robot communica-
tion is realized with the Robot Operating System (ROS Noetic
Ninjemys, Open Robotics, California, USA). We use MoveIt!
for robot control [14]. This framework provides implementa-
tions of general forward and inverse kinematics solvers, path
and trajectory planning, including collision avoidance support,
and execution of planned paths. For trajectory planning, we
define several collision objects: the segmented skin of the ca-
daver, the CT gantry, and the custom EEF geometry including

the mounted needle. We run MoveIt! embedded in a server
structure with a TCP communication protocol. To allow a
time-efficient feasibility check of insertion paths, we run 100
server instances in parallel. For CT data processing, we utilize
3D Slicer1 and present an open-source module2. We extract
skin models and estimate colormaps that include projections of
the maximum Hounsfield unit along possible needle insertion
paths, indicating soft and hard tissues, as depicted in Fig. 4. At
discrete points in the colormap, which are spatially separated
by 10 mm, we estimate if robot insertions are feasible. The
spacing is defined to enable efficient colormap inference
(18.80 ± 2.87 s) within a reasonable spatial resolution. The user
can visually see the dexterity of the robot based on the defined
tissue target, body physiology, and the robot base position.

C. VR Needle Path Planning

We developed three VR scenarios for planning needle
insertions that are depicted in Fig. 4. All applications are
developed in the game engine Unity (Unity ver 6000.0.25.f1,
Unity Technologies, California, USA). Each scenario contains
a CT scanner, the robot, screens for depicting CT images,
and virtual buttons. The user has a hand-held controller for
grabbing objects, moving screens, and pressing virtual buttons.
A skin model mesh with an embedded heat map depicts the
position of the cadaver relative to the robot. We present three
planning scenarios that differ in spatial data presentation:
Scenario 1: The user is presented with three orthogonal CT
slices. The respective slice can be defined with a slider at
the bottom of the screen. Using the pointer of the hand-held
controller, the user can select an insertion point on the depicted
CT slice on the screen. A green biopsy needle indicates the
planned trajectory on the skin model. The user can visually
verify if the desired trajectory is feasible for the robot, i.e.,
the biopsy needle intersects a field with saturated colors.
Scenario 2: The user can virtually grab the biopsy needle
with the controller and adapt the insertion angle while the
biopsy needle tip is fixed at the target point. On the screen,
two orthogonal CT scans along the needle axis are depicted,
which are updated in real-time.
Scenario 3: Similar to scenario 2, the user can adapt the
insertion angle of the needle with the controller. A CT scan is
projected inside the skin model. The CT scan and the crop of
the skin model are updated in real-time during biopsy needle
motion. The viewpoint of the CT scan is flipped if the user
crosses the transverse plane with the biopsy needle, i.e., the
other half of the skin model is shown.
In all scenarios, the grey-level mapping of the CT image can
be adapted with the controllers. Please note that we do not
alter the volumetric data, e.g., apply spatial filters. We aim to
preserve interpretable and known-from-routine image features
for medical experts.

D. VR Visualization and Interaction

The VR communication links and protocols are depicted in
Fig. 2. We establish a WiFi Air link between the VR Headset

1https://www.slicer.org
2https://collaborating.tuhh.de/e-1/robotic needle insertion

https://www.slicer.org/
https://collaborating.tuhh.de/e-1/robotic_needle_insertion
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1. Define Target 2. Estimate Colormap 3. Plan Needle Trajectory

4. Simulate Robot Motion 5. Execute Robot Motion 6. Extract Tissue Sample

Fig. 5. Clinical Workflow: Individual steps during VR assisted needle
placement.

and the VR workstation using the Meta Quest Link-App (ver.
72.0.0.500.353). This communication protocol allows us to
perform high-resolution renderings on the GPU (RTX 4090,
Nvidia, California, USA) of the workstation. All communica-
tion between the VR headset and unity is handled through the
OpenXR Interaction Toolkit (ver. 3.0.6.) that allows interaction
between the user and the interactables in the scene and tracks
the position of the headset Q3 in world coordinates W . To
communicate with ROS nodes in the VR application, we use
ROS#3 (ver. 2.0.0). This allows real-time visualization in the
VR application of the robot state, planned robot trajectories,
and a video stream provided by a camera positioned inside
the intervention room. The virtual robot is a digital twin of
the robot inside the intervention room. The CT images are
loaded in DICOM format and converted into a 3D texture. We
design shaders that run on a GPU to allow real-time arbitrary
slice sampling in CT volumes. We estimate n planes Pn in
the CT reference frame. P1−3 is defined in scenario 1 by
three orthogonal projections along the spatial axis of the CT
data. In scenario 2, P1 is defined by the planned needle axis
intersecting orthogonally with the sagittal plane and P2 with
the axial plane. In scenario 3, P1 is defined by the planned
needle axis intersecting orthogonally the sagittal plane. In
scenarios 1 and 2 the screens depict the CT pixels located
in Pn. In scenario 3, image coordinates in P1 are transformed
into VR world coordinates W by

[x, y, z]⊺ = WTB
BT

CT
CTT

P1[x̂, ŷ, 0]⊺ (2)

with the world coordinates [x, y, z], in-plane coordinates
[x̂, ŷ] and a rigid transformation WTB between the world and
robot base. Texture coordinates located outside the skin mesh
are set transparent. The skin model SM position is defined as

WT SM = WTB
BT

CT
CTT

SM (3)

with CTT
SM as the identity matrix. The transformations

applied in the VR application are also depicted in Fig. 3b.

3https://github.com/siemens/ros-sharp

TABLE I
CLINICAL EVALUATION

Cadaver Gender Height Weight BMI Age PM Interval

1 female 156 cm 74.4 kg 30.57 79 y 171 h
2 female 157 cm 40.5 kg 16.43 63 y 137 h
3 male 191 cm 101.6 kg 27.85 55 y 135 h

E. Usability Study

We evaluate the three VR needle path planning sce-
narios with a cohort of 11 forensic pathologists and radiol-
ogists (39.55 ± 9.34 y, 5:5:1, male:female:other) and 10 non-
physicians (27.00 ± 4.22 y, 9:1:0, male:female:other). Of the
forensic pathologists, 45.5 % had more than 10 y of experience
in forensics. Initially, each user had a brief introduction
(approx. 5 min) to the controls and the planning objective.
Following, the users were tasked to plan insertions for five
predefined tissue targets in the thorax, left kidney, liver, lymph
node, pancreas, and spleen. Each participant was given the
same CT data and identical predefined targets. The users
were tasked to virtually plan needle trajectories that fully
avoid bone punctures and are feasible for the robot. The
order of performing the scenarios was interchanged between
users. Additionally, participants were surveyed to gather in-
sights into their VR experience. The users were tasked to
rate their experiences on a numerical Likert scale from 0
to 10. The questionnaire comprised general questions about
the interaction with VR and specific questions regarding each
planning scenario and clinical acceptance. The scope of the
questionnaire is to compare the different planning scenarios.

F. Clinical Evaluation and Workflow

The clinical workflow during VR assisted needle placement
is depicted in Fig. 5. We extract tissue biopsy probes from 3
cadavers with different body types, as indicated in Table I.
We defined 16 biopsy targets that are of forensic interest:
adrenal gland, coronary artery, heart anterior wall septum,
hilum lymph node, kidney, liver, pancreas, prostate, psoas
muscle, pulmonary artery, spleen, thoracic aorta, and in total
4 targets in the peripheral as well as central lung regions in
the left upper lobe (LUL), left lower lobe (LLL), and right
upper lobe (RUL). Tissue probes are extracted with a Gauge
13 biopsy needle system. All needle components are custom
manufactured (weLLgo Medical Products GmbH, Wuppertal,
Germany). After the robot inserts the hollow guide needle,
we first remove the inner co-axial needle. Second, a biopsy
needle is inserted through the hollow guide needle. Third,
the clamping mechanism of the custom EEF is released. The
hollow guide needle remains inside the cadaver, and the robot
returns to the defined idle position. Tissue samples are fixed
in 4 % buffered formaldehyde and investigated microscopically
for organ and tissue diagnoses in question. For each cadaver
and tissue target, we perform needle insertions in all three
scenarios leading to a total of 138 performed insertions. Please
note, we only extract tissue samples for the first insertion to an
annotated target to avoid annotation bias, as previous insertion
paths might be visible, and targets can be displaced due to

https://github.com/siemens/ros-sharp
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Fig. 6. Results usability study: (a) Planning time for all insertions performed. (b-d) Planning time for subsequent insertions. In red the learning curve is
indicated. (e) The users (n=21) were tasked (e) to rate the individual planning scenarios 1-3 and (f) to rate the overall experience.
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Fig. 7. System Accuracy: (a) Error of all needles inserted, (b) target error
for individual organs.

previous needle insertions. In total, 46 tissue probes were
extracted. After needle placement, the CT imaging protocol
was repeated. For each inserted needle, we manually annotate
the tip and the needle base. We define the skin puncture
point as the intersection of the annotated needle axis with
the skin model. We report the error between the needle tip
and the planned target position, the off-axis error defined as
the shortest distance between the needle axis and the planned
target position, and the distance between the planned and
extracted skin puncture position.

III. RESULTS

A. Usability study
The results of the usability study are depicted in Fig. 6.

As shown in Fig. 6a, the least amount of planning time
was required in scenarios 2 and 3 with 53.76 ± 53.51 s and
46.47 ± 34.00 s, respectively. It stands out that scenario 1
was the least time-efficient with a mean planning time of
82.15 ± 61.41 s. The learning curves, depicted in Fig. 6b-
6d, show a reduction in planning time of 53 %, 38 %, and
33 % for scenarios 1-3, respectively. After performing four
insertions in each scenario, the users were able to plan the
subsequent needle insertion in 67.57 ± 57.20 s, 40.16 ± 22.03 s,
and 28.74 ± 8.28 s for scenarios 1-3, respectively. The ques-
tionnaire evaluation is depicted in Fig. 6e–6f. The majority

5 mm

I
II III

IV

I II III IV

I II III IV

Fig. 8. Histopathological Evaluation: example tissue biopsy samples and
histopathological images; (I) heart wall anterior septum, (II) thoracic aorta,
(III) lung, and (IV) kidney.

of users did not have any experience with VR prior. Also,
the majority of users did not experience any dizziness or
motion sickness in the VR application. The users felt positively
comfortable during planning. Forensic experts report a posi-
tive tendency to use the planning application during clinical
routine with 7.55 ± 1.97. Considering the respective scenarios,
depicted in Fig. 6f, users experienced the simplest planning
approach in scenario 2 with 7.00 ± 1.64. Scenario 1 was
considered the most difficult for planning with 4.86 ± 2.03,
while scenario 3 was in between with 6.43 ± 2.09. A similar
tendency can be observed considering the user’s experience
with the most positive being scenario 2 with 8.71 ± 1.52,
followed by scenario 3 with 8.05 ± 1.60, and scenario 1 with
6.67 ± 2.78.

B. Post Mortem Evaluation

We inserted 138 coaxial needles in 3 cadavers. Five needles
were removed from the study, as they did not stay fixed
after insertion, based on the shallow needle insertion depth
due to the low Body Mass Index (BMI) of cadaver 2. Also,
one needle was removed from the study evaluation, as it was
touched by the robot EEF during the insertion of a subsequent
needle. We estimate a colormap for each target and check
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on average 1649 ± 365 needle insertion paths. The target, off-
axis, and surface point errors are depicted in the boxplot in
Fig. 7a. We report a mean target error of 7.35 ± 4.10 mm, a
mean off-axis error of 5.30 ± 3.25 mm, and a mean surface
point error of 2.62 ± 1.76 mm. It stands out that only minor
deviations are observed for the surface point error between
all cadavers, while a slightly larger deviation is observed for
the target point error. Further, we report the target point error
across all organ targets in Fig. 7b. From each cadaver we
extract a set of tissues. We report a system latency between
the real robot and the digital twin of 50.25 ± 0.75 ms. Tissue
probes and histopathological scans are depicted in Fig. 8.
Histopathological analysis confirmed 65 % of samples with
the majority of misses reported for small structures, e.g., the
coronary artery.

IV. DISCUSSION AND CONCLUSION

We present a robotic system for extracting tissue samples
safely from potentially infectious cadavers. Needle trajectory
planning and execution are performed remotely in a custom
VR application, physically separated from the cadaver. The VR
application allows efficient 3D needle insertion planning and
enables users without robotics expertise to intuitively take into
account the robot’s dexterity. The system can be operated over
a large distance between physician and cadaver, considering
latencies, bandwidth, and packet loss. The lightweight robotic
arm is mounted on a cart which allows fast deployment at a
medical center and a high degree of flexibility in contrast to
fixed ceiling-mounted systems [8].

We study 3 scenarios for needle path planning. The majority
of users reported a positive VR experience. All users were
able to plan needle insertions after a short introduction to the
controls. The learning curves of all scenarios show an initial
steep decrease and an overall planning time reduction of 33 %-
53 %. No strong deviations are observed between physicians
and non-physicians for all scenarios. This indicates that our
needle path planning is simple and intuitive. Future studies
on immersiveness and long-term user experience are planned.
Also, needle insertions are time efficient. Scenario 3 stands
out with an average planning time of 28.74 ± 8.28 s, including
inference time of the colormap. The most positive experience
and simplest planning approach was given in scenario 2,
based on the responses in the questionnaire. In contrast, users
report scenario 1 as considerably more complex and rate
the experience more negatively. Accordingly, planning time
in scenario 1 is approximately twofold greater compared to
scenario 3. This is particularly interesting as the design of
scenario 1 is based on a conventional planning approach.

With the proposed system, we performed in total 132 needle
insertions in three cadavers. We report a similar target point
error as Neidhardt et al. [9] with 7.19 ± 4.22 mm compared
to our mean target point error of 7.35 ± 4.10 mm. It stands
out that the surface point error is consistently lower with
2.62 ± 1.76 mm. This might be related to the movement of
the needles after detachment from the robot’s EEF. This is
especially apparent during very shallow insertions, e.g. in
cadaver 2 due to the low BMI. Additionally, during robotic

needle placement, 15 mm is subtracted from the insertion
depth to position the biopsy punch at the target center. During
accuracy evaluation, the positioned needle is virtually extended
by 15 mm, making it sensitive to small orientation deviations,
such as those occurring after detachment from the robot.
Also, note that the target error is less in cadaver 3 with
5.09 ± 2.84 mm, which can be related to the overall deeper
needle insertions and thereby less movement of the needle
after detachment. We histopathologically confirm 65 % of
samples. The success rate is dependent on (1) the medical
biopsy needle, which might not be ideal for all tissue types
and consistencies, (2) small target volumes, e.g., the coronary
arteries have a maximum diameter of 4.16 mm [15], and (3) the
degree of autolysis degrading biopsy quality. Unlike manual
ultrasound-guided methods that rely on physician expertise,
the robot ensures consistent needle placement regardless of
user experience. This makes it well-suited for systematic
sampling, e.g., in the context of a multicentre national autopsy
registry [16]. Our system could support more effective public
health responses in future pandemics by reducing exposure
risk during cause-of-death determination and tissue sampling.
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