Haptic visualization of computational fluid dynamics data
using reactive forces
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ABSTRACT

Datasets from Computational Fluid Dynamics (CFD) can be post-processed and visualized to aid understanding
of the flow phenomena present. Visualization of CFD data, however, often suffers from problems such as occlusion
and cluttering when methods such as glyphing and volume rendering are applied.
In this paper we present a case study where new modes for haptic interaction are used to enhance the
exploration of CFD data. A VR environment with interactive graphics and an integrated graphical user interface
has been implemented. In contrast to previous work on haptic interaction with CFD data we employ a ‘reactive’
haptic scheme as opposed to direct force mapping. The reactive approach not only generates more stable feedback
but also provides clearer and more intuitive cues about the underlying data.
Two haptic modes are used to enhance the understanding of different features in the flow data: One presents
the orientation of the data and also guides the user to follow the stream as it flows around the aircraft fuselage.
The other provides a haptic representation of vortex data. This mode enables the user to perceive and so follow
tendencies of vorticity and vortices.
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1. INTRODUCTION
The design of an efficient aircraft, be it a civil airliner or an agile fighter, is a complicated task. One of the
most important aspects is the aerodynamic behavior. Wind tunnel testing is, however, both expensive and time
consuming and is often used, nowadays, only for verification purposes. More and more of the aerodynamic design
and analysis are carried out using advanced numerical methods, through Computational Fluid Dynamics (CFD).
The output from CFD is often a large dataset describing the flow field around the aircraft. To fully understand
the flow field and extract all flow phenomena hidden in the dataset it must be post-processed and visualized.
The simplest form of post-processing is to integrate the local pressure on the aircraft surface to extract the forces
and moments acting upon the aircraft. More advanced post processing methods include the location of vortex
cores, shock surfaces in transonic flow, large velocity gradients etc. Efficient methods to extract and visualize
flow phenomena will help aircraft designers understand the flow behavior and so help them improve the design.
The effective and intuitive visualization of CFD data suffers from problems including occlusion and cluttering
when methods such as glyphing and volume rendering are applied. Furthermore, only a subset of the data can be
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Figure 1. Photograph of a SHARC model.

visualized using glyphs (such as stream-lines or hedgehogs). By using volume haptics (force feedback), which does
not suffer from these limitations, the representation can be more effective when searching for certain features.
Haptics has many applications in scientific visualization as shown in for example [1–4]. The integration of haptics
with volume visualization has the potential to significantly increase the speed5, 6 and accuracy4, 7 of volumetric
data exploration.
Recent research has introduced feedback that works in a “reactive” manner8 in contrast to the more common
‘direct force mapping’ methods7 that produce a force regardless of user actions. This reactive feedback produces
forces which the user perceives as a resistance to and a redirection of their actions instead which both reduces
instability and produces non-physical, but extremely clear, virtual shapes allowing the user to follow them and
perceive their nature in a highly intuitive manner.
In this paper we present recent work on utilizing reactive haptic feedback in guiding and aiding users in the
scientific visualization of CFD flow data. Around this technique an application has been implemented to show
the effectiveness of a combined haptic/visual environment in scientific visualization. We apply two different
haptic modes to emphasize different features in the vector data.
In the present study the SHARC geometry from Saab Aerospace is chosen (see Fig. 1). SHARC is an
abbreviation for Swedish Highly Advanced Research Configuration and is a Unmanned Aerial Vehicle (UAV).
The main objectives of the SHARC programme are to demonstrate low signature features, high survivability,
internal weapon-bay functionality and autonomy. The dominating aerodynamic feature of this type of low
signature configuration with a wide body with sharp edges at the sides and a large portion of the body in front
of the wing location. This configuration leads to a strong vortex flow along the body, even at moderate angles
of attack, which can interact with the stabilizer and fin at the rear of the vehicle destabilizing the aircraft.
Therefore it is important in the design process to accurately predict the flow field around the vehicle and the
path of the vortices present in the flow.

2. RELATED WORK
Visualizing results from CFD simulations in virtual reality is not new. Examples of related work can be found
in [9, 10]. However, while much effort has been put into the development of methods to find and visualize
flow features11–13 and into the development of advanced visualization methods,14–16 alternative modalities in
interaction has not yet received as much attention.
The aim of this project has been to make use of haptic feedback to guide the user of the application in their
exploration of the features of the data rather than to simply present those features to the user. There are earlier
examples of haptics being used in virtual wind tunnels, for example [3], but most earlier work on haptic feedback
from volumetric data has been based upon the use of the haptic force feedback as a direct mapping from data
present in the physical model to forces presented to the user.3, 7, 17 Such feedback tends to become unstable for
large forces and this limits the use of such a haptic representation.
To avoid the instability and possibly enhance both intuitiveness and information bandwidth, the proxy-based
approach was introduced to volume haptics in [8]. This method was developed for simulating surfaces in scalar

volumes as an alternative to the gradient based force introduced in [7]. It is, however, easy to apply the method
also to the analysis of vector data and so create a follow-mode, similar to that presented in [18]. This is, for
example, implemented in [19]. The follow-mode presents the vector data by generating an anisotropic resistance
that allows free motion in the direction of the vector field (which would, in a direct mapping, be the direction of
the physical force) but provides a degree of resistance in perpendicular directions. The degree of resistance can
present additional information such as the local vector magnitude. This case study also employs this method to
make use of a modification of the ‘vortex core’ mode used in [3], to allow the user to easily trace the vortices
produced by the movement of an air vehicle.

3. APPROACH TO HAPTIC VISUALIZATION
The purpose of the presented project was to create an experimental virtual environment for interactive examination of flow data around the SHARC aircraft geometry. The main aim was not to create a complete, finished
application for CFD visualization, but to try out new haptic modes for fast and intuitive interaction with the
flow data.
In contrast to previous work in the same area we use a reactive approach to haptics instead of using active
feedback. The reactive feedback does not provide a force directly mapped from the local data but only redirection
and braking induced as a response to the users movements. This reduces instability in the haptic integration
application but also produces virtual shapes that can be followed in what is, in the opinion of the authors, a
more intuitive manner than relying on forces to directly mediate directions and orientations.
Apart from the added value of interacting directly in 3D, the degree of assistance provided by the haptic
feedback (described in section 5) has been tested. The haptic feedback is designed to guide the user to suitable
points for the placement of visualization glyphs, but also creates a representation of the flow field which provides
supplementary cues and so conveys further information through the haptic channel.

3.1. Haptic Visualization
We have implemented two different haptic modes to present different features of the volumetric data to the user.
The user can choose to activate either of the modes or turn both off. The first is the follow-mode which has
been earlier used in the control of animation.18 The second is based on the vortex core force used by Lawrence
et al.3 These methods are described in detail in section 5.
This haptic feedback is used in conjunction with classical scientific visualization methods for volume visualization. These include direct volume rendering to provide a visualization of the pressure field, and glyphs
for visualization of the flow velocity field. The glyphs used here are stream-ribbons, which can be interactively
dragged through the data using the haptics pointer and released into the 3D environment when the correct
position is found. This is described in detail in section 4.

3.2. VR Equipment
We have used the Reachin API,20 produced by Reachin Technologies AB, for our implementation. The Reachin
API system runs on dual processor desktop computers and controls a multi-threaded environment for haptic and
graphic rendering. The visual rendering is displayed on a stereoscopic Reachin Display which is equipped with a
co-registered Desktop PHANToM device, from Sensable Inc. This equipment configuration can be seen in Fig. 2.
The structure of the system follow the structure of the Virtual Reality Modeling Language VRML.21 An
application can be built using only VRML but the system is generally programmed using a combination of
VRML, Python22 and C++ as appropriate.
The visualization components, such as the volume renderer and stream-ribbons are implemented using C++
and OpenGL. The haptic interaction features of the implementations, described in section 5, are defined in C++
as extensions of the haptic components provided by the Reachin API. Using VRML to define the scene-graph
these components are combined with more general parts of the Reachin API, such as transforms and user interface
components, to produce the final multi-modal application. The general structure of the scene-graph can be seen
in Fig. 3. The procedure of incorporating the generated stream-ribbons into the scene-graph is implemented
using Python.

Figure 2. A Reachin Display equipped with a Desktop PHANToM.
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Figure 3. The scene-graph of the application.

3.3. User Interface
Our user interface consists of two parts. The primary interface is the haptic instrument with which the user can
place stream-ribbons into the vector field. Secondarily there exists a set of menus and buttons integrated into
the VR environment, so that the user can control haptic feedback, visual appearance and other settings without
recourse to the keyboard or 2D mouse pointer.
This graphical user interface is built using the UserInterface toolkit for the Reachin API. One menu contains
tools for controlling the haptic feedback and one for the air pressure visualization. A slider-bar also makes it
possible to control the quality for the pressure visualization. The graphical user interface can be seen at the top
of the screen dump of Fig. 9(c).

4. VISUALIZATION
To enable fast visualization as well as haptic feedback the original data structure, an unstructured grid of
tetrahedrons, was re-sampled to a structured volume. This procedure was carried out as a preprocessing step
since converting unstructured data can take a significant amount of time on an ordinary PC. From this volume
both flow visualization and flow haptics data is generated.
The polygon model of the aircraft body used in the configuration of the CFD simulation was decimated to
produce a level of detail suitable for real-time rendering and was included in the VR environment. This model
is also used for haptic feedback as discussed in section 5.

4.1. Pressure Visualization
To visualize the air pressure around the aircraft body, a texture based volume rendering scheme has been
implemented. Using transfer functions the scalar fluid (air) density data from the CFD simulation is transformed
into a 32 bit color 3D texture with the alpha channel used as volume opacity.
To control opacity in a manner that avoids occlusion by less relevant data the magnitude of the curl of the
velocity field is used. This yields a more precise selection of relevant data: simple high pressure regions in front

of the plane and low pressure zones behind are quite expected so their representation in the visual display is not
required but the pressure in turbulent air flow might be of much greater interest. Examples of this can be found
in the zones around the wings and in vortices. The effect of curl magnitude controlled opacity can be seen in
Fig. 9(b).

4.2. Airflow Visualization
To provide further visual information of the velocity field in the flow, stream-ribbons can be interactively added
using the haptic instrument. In this implementation, where laminar flow is present, the stream-ribbons are
created from pairs of stream-lines that are interconnected using triangle strips to give the graphical appearance
of a ribbon.
A stream-ribbon position, defined by the tip of the haptic device, is used to produce two stream-line seeds
generated at a fixed distance in an orientation perpendicular to the direction of the flow in that position. The
path of each stream-line is calculated through forward and backward integration of the position through the
vector-field using a Runge-Kutta order 2 integrator,
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~ is the vector value of the flow-field and ∆s is a chosen step-length.
where ~x is the position of the stream-line, V
If the distance between the interconnected stream-lines becomes larger than twice the initial distance then the
stream-ribbon is split into two stream-ribbons, each defined by two new stream-lines. This is done so that a
possible divergence of the two edges of the stream-ribbon does not render one single stream-ribbon with a huge
surface but several smaller ribbons, as can be seen in the vortex in Fig. 9(a).
The stream-ribbons are color-coded using the magnitude of the local vector field to also show the velocity of
the flow.

5. HAPTIC FEEDBACK
To help to guide the user in finding suitable positions for the stream-ribbon seed points, various modes for haptic
feedback have been implemented. Primarily the vector field features are presented. For this purpose two different
haptic modes have been implemented which are discussed in subsection 5.2. Haptic feedback is, however, also
presented from the polygon model of the aircraft used in the CFD simulation to allow the user to trace the body
of the aircraft and place seed points at suitable, interesting locations on the surface

5.1. Fuselage Feedback
Since much of the interesting air flow can be found close to the aircraft body, surface feedback is added to guide
the user when the tip of the haptic instrument is in contact with the body while searching for a suitable position
to place a stream-ribbon. For example by placing the haptic instrument on the wing tip while dropping a streamribbon, the flow around the wing tip as well as the source of this flow and its continuous path is visualized. This
can be useful around wings, wing-tips and edges on the body.
The surface haptics used in this application is provided by the Reachin system. By introducing the aircraft
model as an indexed triangle-set, surface haptics can be added by simply adding a SimpleSurface node to the
scene-graph.
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Figure 4. Coupling between the proxy and the probe in surface haptics. The proxy is moved towards the probe while
kept outside impenetrable objects.

5.2. Vector-Field Feedback
As a first method to present the vector data and guide the user the “follow-mode” has been implemented. This
was done using a modified version of the proxy-based approach presented in [8].
The basic principle of the method is the same as that of proxy-based surface haptics; a proxy is defined as
an internal representation of the haptic probe. The displacement of the probe relative to the proxy generates a
force feedback through a spring-damper coupling:
f~ = k (~xproxy − ~xprobe ) + D (~vproxy − ~vprobe )

(3)

where ~xproxy and ~xprobe are proxy and probe position, ~vproxy and ~vprobe are their respective velocities and
k and D are the stiffness and damper parameters. In each time-step of the haptic loop the probe position is
registered and the proxy is moved to follow the probe. If the probe is moved to a position that is not allowed, for
example inside an impenetrable object, the proxy is left outside and the resulting feedback will push the probe
back out of the object, as shown in Fig. 4.
In volume haptics the proxy motion relative to the probe is controlled by the features of the volume data
instead of by the geometry of impenetrable objects. If there is no feature to generate feedback the proxy is
moved immediately to the position of the probe and, thus, no force is generated from the coupling equation. If
there is a feature which generates feedback, however, the proxy is constrained and so a force is generated and
presented to the user.
The original version of the proxy-based method for volume haptics8 simulates surfaces in scalar data. To
define the surfaces the local gradient is normalized and used as the direction for the primary constraint for the
proxy. In our modified version we want the proxy to be constrained when the probe is moved in the direction
perpendicular to the flow. This will introduce a perceived ‘viscosity’ when the probe is moved perpendicular to
the flow and free motion (no viscosity) when moving in the direction of the flow. This combination of perceived
resistances guides the user to follow the direction of the flow and so presents the orientation of the flow as
contained within the data.
In order to implement this method, two unit vectors are first extracted from the data which define these two
directions of primary interest in our algorithm. The first vector, q̂1 , is in the direction of the vector field at the
~ (~xproxy ). This is the direction in which free motion will be allowed. The second vector, q̂2 , is
proxy position, V
defined as the direction of the displacement of the probe relative to the line defined by the proxy and the first
vector, q1 , see Fig. 5. This is the direction in which the apparent viscosity force will act. These two vectors,
shown in Fig. 5, are calculated through
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Figure 5. How the proxy is moved to generate the follow-mode. The proxy is moved to a position parallel to the probe
with respect to the previous proxy position, which produces viscosity only when moving across the flow.
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The vectors are used in place of the surface normal vector and friction vector of the original method. The
proxy is thus moved according to the following equations
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where s1 and s2 are the strength of the tangential and perpendicular resistance, respectively.
In our case study the strength of the tangential resistance, s1 , is set to zero so that free motion is allowed
with the flow. With s2 , however, the resistance from moving the probe across the flow is defined to be non-zero.
It is derived from the magnitude of the vector field using a transfer function. Thus the strength of the flow is
presented, together with its orientation, so that in those regions where a strong, distinct flow is found it is also
felt by the user to be more distinct with stronger guidance than where the flow is low.

5.3. Vortex-Core Feedback
The second haptic mode implemented is designed to present information about the path described by vortices
in the flow. In [3] Lawrence et al. derive a force formula to guide the user to vortex cores through an active

Vortex flow
Vortex core




~ × V~ × V~
f~ = ∇
~ × V~
∇
~xprobe
Figure 6. The vectors used in the vortex core mode.

force acquired directly from the vorticity. In their work the curl of the vector field is crossed with the flow vector
field to produce a force vector which points towards the center of the vortex. This vector, combined with some
suitable constant, is then used as force feedback to push the haptic instrument towards the vortex core:
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(11)

see Fig. 6. If there is no vortex, and so the curl of the flow is small, then the force will also have a small
magnitude.
We believe that the information extracted using this equation is useful but that this direct force mapping
introduces unnecessary limitations and instability in the haptic representation. Furthermore, we believe that the
virtual structures generated by the proxy-based approach generate more distinct information than direct force
mapping. Therefore we use the proxy-based method for volume haptics as described before. However, instead
of using the gradient vector at the proxy position to represent the surface orientation in the volume, the vector
from Equation (11) is used normalized:
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This, in a manner similar to that presented when moving across the direction of flow field, generates a
resistance (perceived as a viscosity) when moving the probe against this vector, that is out of the vortex. When
the tip of the haptic device is within the vortex, at any distance from the core, the interior of a ‘tube-like’ surface
can be felt. This apparent surface structure surrounding the vortex core represents the shape of the vortex as
described by Equation (12). This makes it easy both to locate vortex structures and to follow them in a manner
suitable for determining positions for the location of stream-ribbon seed points, as is shown in Fig. 8.
We control the strength of the inverted tube surfaces using transfer functions derived from the magnitude of
Equation (12). In this manner transfer functions can be designed that extract and present either all tendencies
of vorticity or only the most distinct vortices present in the flow data.

6. RESULTS AND DISCUSSION
We have created a conceptual interactive virtual environment for CFD visualization. The interface has an
integrated graphical user interface for real-time control and provides a means for dragging and dropping streamribbons into the flow-field with haptic guidance and exploratory information about the volumetric data. Screen
dumps from the haptic environment can be seen in Fig. 9. The interactive 3D stereoscopic visualization and
integrated user interface constitutes a good environment for CFD flow examination. The facility to move the
stream-ribbons across the surfaces of the aircraft model and through turbulent areas has also proven highly
advantageous. By interactively moving the stream-ribbon seed-point not only strong vortex paths but also areas

Figure 7. An image series showing how a stream-ribbon can be moved through the visualization.

Figure 8. An image series showing how a stream-ribbon can be moved while following a vortex at an even distance using
the vortex core mode.

where the flow splits or joins can be found without recourse to complex computational methods. In combination
with the direct visual rendering of the pressure field the influence of pressure on certain flow structures can also
easily be found. Here the curl magnitude controlled opacity, described in section 4.1, gives a good selection of
interesting data, even if the curl itself cannot be estimated from the visual appearance of the pressure rendering.
The surface-based haptic feedback from the aircraft model guides the user to find points close to wing tips
and other interesting parts of the dataset, to place stream-ribbons or to move a stream-ribbon over the surface.
This haptic feedback is helpful and guides the user in a simple and intuitive manner. Due to the multitude
of triangles even in the decimated version of the CFD model, however, the proxy-based surface haptics of the
Reachin API did show some problems, particularly around complex structures of the aircraft body, causing a
reduced haptic update rate and so some undesirable vibrations in the haptic feedback.
The vector-based force feedback gives an additional way to probe the flow field using the haptic medium to
convey this information. In this particular case study, however, we have found that the additional information
provided by this mode does not significantly improve the ease with which the user can interpret the data. This is
partially due to the nature of the example application and the data provided which, with it’s well-defined vortex
trails and clear pressure regions, is highly amenable to direct visualization using the two techniques applied:
direct volume rendering using curl-based opacity combined with interactively positioned stream-ribbons. In
other application areas, however, we have had far greater success with this technique. One example where this
approach is having success in a current study is in the field of visualization of blood flow through the human
heart using data captured using Magnetic Resonance Imaging. This will be the subject of a forthcoming case
study.
The vortex core mode, on the other hand, gave an extremely beneficial feedback for guiding the user in the
interactive exploration of vortices. As can be seen in Fig. 8 the user can easily follow the path of a vortex. The
mode generates a representation of the vortex that enables the user to feel the form of the vortex as defined
by Equation (12). There is, however, a need for more research on how to adjust the transfer functions to best
present data and guide the user both with respect to distinct vortex cores but also around less marked tendencies
of vorticity.
It should be noted that the force feedback techniques employed here depart from the usual approach of using
force feedback to mimic the real behavior of fluid flow since that would not mediate the important information in
as effective a manner. Guidance, effectiveness and stability are more important aspects that have been considered,
so a potential user will need a certain period of training in order to be able to interpret the non-physical cues

(a) Detail screen dump with stream-ribbons visualizing flow features.

(b) Detail screen dump showing the curl magnitude
controlled opacity, described in section 4.1.

(c) The full haptic environment
Figure 9. Screen dumps from the application.

given. Such training would involve learning how to make best use of the point-wise interaction used in haptics
within the three degrees of freedom model as well as how to interpret the non-physical cues given.
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