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Abstract
Although digital methods have significantly advanced morphol-
ogy, practitioners are still challenged to understand and process
tomographic specimen data. As automated processing of fossil data
remains insufficient, morphologists still engage in intensive manual
work to prepare digital fossils for research objectives. We present
an open-source tool that enables morphologists to explore tomo-
graphic data similarly to the physical workflows that traditional
fossil preparators experience in the field. We assessed the usability
of our prototype for virtual fossil preparation and its accompanying
tasks in the digital preparation workflow. Our findings indicate that
integrating haptics into the virtual preparation workflow enhances
the understanding of the morphology and material properties of
working specimens. Our design’s visuohaptic sculpting of fossil
volumes was deemed straightforward and an improvement over
current tomographic data processing methods.

CCS Concepts
• Human-centered computing→ Human computer interac-
tion (HCI).

Keywords
Haptics, Visuohaptic Integration, Feedback, Data Analysis, Data
Exploration, Human-Computer Interaction

ACM Reference Format:
Lucas Siqueira Rodrigues, Thomas Kosch, John Nyakatura, Stefan Zachow,
and Johann Habakuk Israel. 2018. MorphoHaptics: An Open-Source Tool for
Visuohaptic Exploration of Morphological Image Datasets. In Proceedings of
XXI. International Conference on Culture and Computer Science 2024 (KUI ’24).
ACM, New York, NY, USA, 10 pages. https://doi.org/XXXXXXX.XXXXXXX

Permission to make digital or hard copies of all or part of this work for personal or
classroom use is granted without fee provided that copies are not made or distributed
for profit or commercial advantage and that copies bear this notice and the full citation
on the first page. Copyrights for components of this work owned by others than the
author(s) must be honored. Abstracting with credit is permitted. To copy otherwise, or
republish, to post on servers or to redistribute to lists, requires prior specific permission
and/or a fee. Request permissions from permissions@acm.org.
KUI ’24, October 03–04, 2024, Florence, Italy
© 2018 Copyright held by the owner/author(s). Publication rights licensed to ACM.
ACM ISBN 978-1-4503-XXXX-X/18/06
https://doi.org/XXXXXXX.XXXXXXX

1 Introduction
In life sciences, morphology is the study of the form and struc-
ture of organisms and their characteristic structural features [40].
This scientific discipline has recently undergone profound trans-
formations as a result of the introduction of imaging technologies
that revolutionized the study of the structure and function of fossil
specimens [26]. While practitioners traditionally analyzed fossil
structures through the destructive dissection of physical specimens,
technological advancements have enabled the non-destructive pro-
cessing and characterization of fossils, which opened greater possi-
bilities for morphology [10]. Computed tomography (CT), magnetic
resonance imaging (MRI), and other imaging technologies have en-
abled the creation of detailed digital models of fossilized specimens,
providing extensive data for functional analyses such as finite el-
ement analysis (FEA) and computational fluid dynamics (CFD),
and allowing researchers to rigorously test hypotheses about the
biomechanics and behavior of extinct organisms [8]. These digital
methods have addressed long-standing challenges in morphology,
such as technical preparation, namely the complex extraction of
fossils from the surrounding matrix [39]. While traditional methods
involving mechanical and chemical extraction incur an elevated
risk of irreversible damage to delicate fossils, tomographic tech-
niques enable non-destructive digital preparation of specimens as
a safer alternative to physical extraction [14].

Although the benefits of digital methods in morphology are
undeniable, interaction with tomographic fossil data remains "an
expensive and time-consuming undertaking" [39]. For example,
researchers face important issues with the limitations of image
segmentation applications when partitioning fossil data to attribute
meaning to different regions, as automated segmentation meth-
ods are seldom applicable to paleontological datasets [7]. Indeed,
deep learning models require an extensive set of previously an-
alyzed and annotated samples, which is impractical for virtually
ungeneralizable fossil datasets [41]. Thus, morphology currently
relies on semi-automated image segmentation that is performed in
data analysis and visualization systems [8]. This procedure involves
manual two-dimensional selection of segments of interest, which
is performed on numerous individual slices, which is considered
by many as a tedious and time-consuming process [39]. Certain
specimen datasets, such as calcite fossils preserved in calcareous
sediment, can be particularly difficult to process using thresholding
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methods due to their low attenuation contrast, increasing the need
for manual masking of regions of interest (ROI) [8].

Whereas traditional fossil preparators obtain a wealth of multi-
sensorial cues and use natural gestures while physically extracting
specimens from substrates, current digital tools limit interaction
with 3D specimens to 2D means. Thus, we present a novel tool
that leverages force feedback to essentially emulate physical fossil
preparation and improve interaction with fossil image datasets. The
visuohaptic exploration of fossil data aims to provide morpholo-
gists with a better understanding of specimens' material properties
and overall anatomies. We created an algorithm that harnesses
voxel intensity values encoded in tomographic data as modulated
forces that communicate digital material properties and enhance
the formation of accurate multimodal mental representations of
fossils. Our contribution introduces an interaction metaphor for
the manual processing of digital specimens, which compliments
the established additive interaction provided by other tools with
more intuitive subtractive methods of volume sculpting to mimic
physical extraction in the traditional fossil preparation work�ow.

2 Related Work
Digital morphology generally leverages a set of tools that perform
the functions of importing, visualizing, processing, segmenting, and
quantifying image datasets of specimens [21]. Image processing
tools such as ImageJ [1] and Fiji [33] are utilized to process 2D
data in preparation for quantitative analyses. Platforms such as
MorphoJ o�er an integrated environment for various geometric
morphometric analyses of 2D and 3D data [16]. Comprehensive
general-purpose platforms such as 3D Slicer [28] and Amira [38]
enable practitioners to visualize, segment, and quantify specimens
for statistical and comparative analyses. Although such scienti�c
visualization software was not created for the speci�c needs of
morphologists, researchers have extended these tools to streamline
their work�ows. SlicerMorph �lls some of the gaps in the Slicer
ecosystem to enable morphologists to retrieve, visualize, measure,
and annotate 3D specimens as needed in their work�ows [32]. This
extension includes modules whose utilities range from the import-
ing of specimen data from MorphoSource [5] to the automated
landmarking of three-dimensional biological structures [30].

Although morphologists have created tools that tackle many
of their challenges, limited attention has been given to improving
digital fossil preparation to approach the intuitiveness of traditional
physical extraction. An important e�ort in this direction is the e�ort
to present tomographic data in an appropriate three-dimensional
environment through the implementation of VR in visualization
software [3, 17, 31]. VR has recently been integrated into scienti�c
visualization platforms such as Amira, ParaView, and Slicer [29, 34,
38], which is posed to improve interaction with digital specimens
through the wealth of spatial and depth cues provided by virtual
reality (VR) [6, 22]. Previous research speci�cally utilized VR to
explore morphology [4, 9], but the interactive capabilities of these
solutions are often limited to passive viewing.

Another important advancement in the direction of natural di-
rect interaction with 3D data has been the integration of haptics
into scienti�c visualization. Haptic Data Visualization has been
explored since Iwata and Noma introducedvolume haptization[15]

and Avila and Sobierajski presented an interactive method for lever-
aging force feedback to communicate tomographic volume data [2].
The combination of haptics and vision in data exploration has been
demonstrated to facilitate the understanding of complex structures
[20] and to enhance the detection of fuzzier morphological struc-
tures, addressing a common issue in volume rendering [25]. Haptic
Data Visualization also contributes to better navigation [23], ROI
selection [42], path following [12], and retention [36, 37]. Open-
source platform- and device-agnostic haptic frameworks such as
H3D [27] and Chai3D [11] provide device integration, collision
detection, and force calculation algorithms that enable visual and
haptic rendering of di�erent types of digital objects and allow re-
searchers to create customized tools that tackle their speci�c needs.
Our research leveraged Chai3D as a haptic framework to �ll a gap
in harnessing the potential of VR and haptics to tackle speci�c
morphology needs and digital fossil preparation.

3 Methodology
This section describes our design and its technical contributions
and details the procedure and artifacts used to evaluate our system.

3.1 MorphoHaptics
We present MorphoHaptics, an interactive system that enables mor-
phologists to explore tomographic image datasets and complete
virtual fossil preparation in a manner that aligns with the natural
interaction experienced by traditional fossil preparators in their
physical �eldwork. Our design introduces an interaction metaphor
for the manual processing of digital specimens, complimenting
established additive interaction of pixel selection and labeling with
more intuitive subtractive methods of volume sculpting. In our pro-
totype, the visuohaptic exploration and processing of fossil speci-
mens is informed by haptics that are modulated by voxel intensity
values. Our prototype o�ers commonly needed functionalities for
morphology work�ows, such as importing image datasets as tomo-
graphic volumes, presenting specimens through volume rendering
using color lookup tables, and exporting processed datasets as new
volumes and polygonal meshes. Our design also includes a compan-
ion module that enables morphologists to examine tomographic
data through VR in conjunction with force feedback.

3.1.1 Voxel-Value Haptics.We developed an algorithm that en-
hances Chai3D's force calculation by integrating averaged voxel
intensity values to modulate the haptic feedback intensity. Upon
collision, the algorithm samples neighboring voxels and averages
their intensity values to compute a scaling factor for the initial
force calculation. The process is mathematically represented as:
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are the normalized red, green, blue, and alpha components of the
8-th voxel, respectively. The weightsF ' , F � , andF � are constants
representing the contribution of each color channel to the luminos-
ity, with valuesF ' = 0”2126, F � = 0”7152, andF � = 0”0722.

The forceF applied to the haptic device is then modulated by
the average luminosity! avg:

F0 = ! avg � F (3)

whereF is the initial computed force, andF0 is the adjusted force
considering the luminosity.

Our voxel intensity haptics algorithm was designed to inform
users of the material properties of digital specimens using infor-
mation encoded in the data. In tomographic data, voxel values
contain radio-density information, which generally correlates to
material permeability and hardness. As these material properties
are virtually unavailable to vision, translating such information to
haptics as the appropriate receiving sense is essential to commu-
nicate the characteristics of fossils and to enable morphologists to
di�erentiate visually similar materials. Supplementary haptic cues
are poised to enhance the formation of accurate multimodal mental
representations of fossils. Our design enables users to toggle voxel-
value haptics as they might not �nd such sensory information to
be necessary or optimal for certain tasks or datasets.

Figure 1: Sculpting of an Ornithischian tooth. As a user ac-
tivates the sculpting function and the virtual probe collides
with the tomographic volume, a�ected voxels are removed.

3.1.2 Virtual Dissection through Volume Sculpting.Our design uti-
lizes volume sculpting as an interaction metaphor for the manual
processing of digital specimens, complimenting established additive
interaction of ROI selection with more intuitive subtractive meth-
ods. In manual segmentation, morphologists must re�ne selections
by removing incorrectly assigned voxels whenever thresholding
or other selection techniques overstep the boundaries of a region
of interest. This process is often done manually on individual to-
mographic slices, and it is known as the most time-consuming and
tedious part of virtual dissection. The issue is particularly pertinent
to fossil datasets, as tomographic scans of fossilized structures gen-
erally yield low-contrast images, which prevents segmentation al-
gorithms from correctly detecting structures. Our design addresses
this issue by enabling three-dimensional volume sculpting that is

similar to the matrix removal that technical preparators perform
on physical specimens.

Our tool leverages Chai3D's collision detection system to pin-
point the location of voxels that are touched by the virtual probe
during a sculpting gesture, which users can activate while holding
the assigned haptic stylus button, as long as the volume sculpt-
ing functionality is toggled. During sculpting, targeted voxels are
updated to contain zero RGBA values and marked for update dur-
ing the following rendering iteration. As the 3D texture repre-
senting the tomographic volume is updated, graphic and haptic
rendering changes are re�ected. Figure 1 illustrates the volume
sculpting process. In our design, volume sculpting can be assisted
by the voxel-value haptics mentioned in the previous subsection.
Intensity-modulated haptics enables users to detect changes in
material density and prevent unintentional removal of regions of
interest. Such complementary sensory information is especially im-
portant to volume sculpting because the virtual probe unavoidably
occludes its contact area during a collision. As sudden voxel value
changes involved in volume sculpting may create undesirable force
artifacts, we created an algorithm that smooths haptic rendering
by averaging previous and current computed forces. As smoothing
forces decreases haptic rendering �delity, users are able to toggle
this function to suit their preferences.

Figure 2: MorphoHaptics' UI - Sidebar Menu Items

3.1.3 User Interface.Although our system focuses on direct in-
teraction, we created a basic User Interface (UI) to allow users to
control system functionalities. Each functionality has a matching
keyboard shortcut, as we foresee a preference for keyboard usage,
as users will most likely have their dominant hands occupied with
the haptic device, making pointer usage inconvenient. Figure 2
illustrates the user interface's menu. Menu items that toggle func-
tionalities change their display text (on or o�) and color (white or
red) to indicate their status. Toggle buttons that are currently in
their default mode are displayed in white. In contrast, items that
user actions have toggled are shown in red to enable users to under-
stand the system status. Additionally, the UI features a small status
bar at the screen's bottom center to inform users of the system's
status. This space displays temporary messages to indicate the sta-
tus of transitional actions (e.g., "Exporting Volume...") and static
messages to indicate active system status (e.g., "Haptics (o�)").

3.1.4 Tomographic Data Handling and Polygonalization.Our ap-
plication supports the importing and exporting of tomographic
volume data and its polygonalization as essential functions in the
morphologist toolset. Users can initiate importing through the UI
and select the location of a series of image �les to be visually and
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