Ultrasound Palpation by Haptic Elastography
Karljohan Lundin Palmerius
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Abstract

When ultrasound imaging provides data for haptic devices,
systems providing touch feedback, this opens a new perspective in clinical imaging: elastographic images can be
touched. Deep structures that are inaccessible to ordinary
clinical examination can new potentially be palpated by the
doctor using a haptic devices.
In this article we present the haptic palpation of data
acquired through elastography. We apply the elastometric
data as a stiffness map to haptic rendering as well as introduce new haptic cues to enhance the exploration of varying
stiffness. The presented methods for haptic elastography
rendering have also been presented in a demonstration session to practitioners and the resulting feedback is presented
here as a formative, informal evaluation of the technology
as such and the presented methods in specific.
The main contributions of this publication are:

Palpation is an important method in the medical physical examination. Surface palpation alone, however, cannot be used in many situations due to the anatomical positions. Elastography images are therefore in many cases a
complement to other imaging modalities. In this article we
present a method for providing haptic feedback from elastography imaging data, allowing palpation of the hardness
data. A prototype implementation was used in a demonstration session with domain experts providing feedback on
the presented algorithm and also on the basic principle of
palpating data from elastography imaging.

1

Introduction

• the use of elastography data to control a haptic stiffness map as a means to allow for clinical palpation of
inaccessible regions,

The use of touch in patient examination, palpation, has
been an integral part of medical examination since the time
of Hippocrates. Medical students and residents are continuously trained to recognize different pathology by laying
hands on the patients. The method of palpation, however,
has several limitations. The depth of the lesion is critical
as the fingertips have to be moved over several layers of
tissues that may inevitably impair the quality of palpation.
Overlaying anatomical structures like bone makes palpation
impossible, for example the upper part of the stomach is
hidden behind the ribs. Also, some structures are so elastic
that it is not detected by hands of normal sensitivity.
There is a great need to develop methods that can overcome these limitations. Elasticity imaging, also known
as elastography has been an emerging image modality for
some years[15]. By imaging strain as response to pressure, vibration or acoustic pulses, deeper tissue areas not
available for palpation, may disclose their elastic properties.

• the introduction of force deflection, reflecting changes
in the stiffness map as a cue for the varying of hardness
of tissues, and
• the feedback from domain experts to assess the potential of the presented technology.

2

Background and Related Work

The work presented here relies heavily on the elastography technology and apply haptic technology for the implementation of virtual palpation. This section provides background and description of related work in these two areas.
1

the work presented by Kuroda et al. where a more realistic sensation is attempted by simulating tissues as separate,
colliding objects[9]. A deformation model is also used by
Alhalabi et al. for their breast palpation simulator[1].
There are also situations where the full dynamic simulation of soft tissues is not necessary for the conveying of
plausible haptic sensation. In such situations off-the-shelf
algorithms for surface rendering can be used for the general sensation of the palpated skin surface, overlayed with
feedback specific to the current palpation simulation. An
example of this is the palpation of femoral pulse by Coles
et al.[6].
Figure 1. The procedure of manual ultrasonic
elastography. To the right, the physician palpates the phantom with the US probe and to
the left the US image is shown, the B-mode
on the right hand side and the elastography
together with its legend on the left hand side.

2.1

Elastography

Elastography is the imaging of the elastic properties of
soft tissues. Currently several algorithms for obtaining
such information are available based on magnetic resonance
imaging (MRI) or ultrasonography (US). Common to all
methods is that an external or internal force has to be applied to the tissue of interest. The subsequent tissue displacement or shear waves are then traced for analysis of
tissue strain or elasticity. The initial stress may be direct
physical compression and decompression, vibration or a focused acoustic force.
We apply stress using the ultrasound probe as the stress
source pushing it in a free hand manner, see figure 1. The
scanner software, through auto-correlations of consecutive
radio-frequency frames, registers the deformation of the tissue under repetitive compression/decompression. The algorithm is called the Extended Combined Auto-correlation
Method (ECAM) and is developed by Hitachi Medical
Corp[19, 18].

Several techniques for surface simulation exist (e.g.
[13, 17, 16]). These typically apply Hooke’s law of spring
behaviour in various forms where the spring stiffness constant used can be interpreted as reflecting the hardness of
the rendered surface. By varying this constant over the
simulated surface, a stiffness map, the sensation of varying hardness is achieved. Yano et al. use this technique to
perceptualize the cross section of CT or MRI data[21]. The
same year, Choi et al. presented a similar effort, however on
scanning probe microscopy (SPM) data[5].
Choi et al. also showed that the topography of a surface
may be misinterpreted if both the height of the surface and
its stiffness varies spatially. In a continuing effort on this
topic they applied the force constancy theorem to compensate for this effect[3]. They have also experimented with
using force shading to render the slant of the varying surface height[4].
We believe that the normal directed cues provided by
the stiffness map has the most impact when probing with
varying pressure against the surface, the pressure exploration procedure according to the taxonomy by Lederman
and Klatzky[10]. To allow for effective exploration with
as wide a range of exploratory procedures as possible the
system should provide also tangential feedback of stiffness
variation. This would add strong cues also during exploration using lateral motion. This is discussed in section 3.3.

3
2.2

Haptic Elastography

Palpation Simulation

Surgery simulation is by far the most common medical
application of haptics, however the use of haptic techniques
to simulate the procedure of palpation is still far from uncommon. Research in this area largely overlaps with the
research on surgery simulators, in that they are often based
on soft body deformation models. For example, Burdea et
al. demonstrate work on palpation training for the diagnosis
of prostate cancer[2]. This is also the target application for

Our algorithm for haptic elastography palpation takes
elastometry data to produce haptic feedback through a
point-based, impedance control haptics device (e.g. shown
in figure 4) by taking the haptic probe as input to calculate
the feedback force. This section describes three features of
the algorithm design for this achievement, that each provides a step towards the plausible and effective rendering of
elastography data, see figure 2.
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applied, however with the stiffness being a function of the
elasticity,
f = −ks (xsurface ) (xprobe − xsurface )

Haptic Display

The human sense of touch is poor at determining absolute hardness levels and most elastography hardware will
not provide absolute hardness values ([20]). Nevertheless,
plausible stiffness levels are desirable. Material properties of tissues are expressed using Young’s modulus, E,
while the penalty-based haptic rendering used here requires
a spring constant, ks (N/m). The Young’s modulus can be
converted into a linear spring,

Figure 2. A schematic overview of the data
processing pipeline of the elastography haptics simulator.

3.1

Stiffness Map

The haptic rendering algorithm used in our elastography
renderer is based on the penalty method[13]. We believe,
however, that the techniques described here also can be applied to other rendering algorithms. In the penalty-based approach Hooke’s law of spring behaviour is used to calculate
the force magnitude and direction. An impedance device
is incapable of controlling its exact position and therefore a
certain penetration of surfaces is inevitable. This penetration is used as a displacement of a simulated spring and the
force feedback, f , is calculated as
f = −ks (xprobe − xsurface )

(2)

(1)

where ks is the spring constant, here interpreted as the surface hardness, and xprobe and xsurface are the position of the
tip of the haptic instrument, called the probe, and its projection onto the haptic surface, respectively, see also figure 3.
The elastography data available from the typical ultrasound probe is a 2D map over the local elastometry with
reference to the main strain in the whole region of interest.
For example, the ultrasound machines for elastography used
in our group provide the elastometric data in bitmap format,
shown in figure 1. From that type of data the elasticity is
obtained by converting the image into the hue-saturationvalue colour space and extracting the hue component in the
range blue–red. This 2D map is then applied as a haptic texture over a surface in the multimodal workspace. When the
haptic instrument is located under this surface equation 1 is

Eπr2
(3)
d
where d is the thickness of the compressed tissues and r is
the radius of the compressed area. This requires a representation of tissues which is not a full volume but a limited slab
of tissues on top of a rigid surface.
A reasonable slab thickness in the targeted application
is 1 cm and similarly a probe radius of 5 mm can be assumed. Young’s modulus for healthy soft tissues is in the
range of 2–40 kPa (e.g. [7, 11]), translating to 15–314
N/m, and malign tissues around or even surpassing 100 kPa
(e.g. [14, 20]), translating to 785 N/m. A reasonable range
of stiffness for the rendering of elastography as a stiffness
map is then 100–800 N/m, which is within the range of what
the typical high fidelity haptics device can reflect.
ks =

3.2

Height Compensation

We apply also the height compensation technique presented by Choi et al. ([5]), to compensate for topographic
sensation when the stiffness varies during the exploration
of a surface. Even though height compensation has been
shown to be essential for the correct impression of the topography under the influence of varying stiffness, it may
also remove important cues during the exploration of a surface with known topography. Therefore, the haptic palpation simulator has been tested both with and without this
feature activated.

3.3

Force Deflection

In reality the variation of stiffness over the surface affects
not only the normal directed force as a result of penetration,
but also a feeling of topography. In fact, the difference in
stiffness inside a soft body will feel similar to change in
height of the surface being palpated. We believe that this
may be an important cue for the practitioner, indicating both
the transition from one area with a certain stiffness into another, as well as the relative hardness of these two regions.
We want to provide a deflection of the force, producing a tangential force component similar to that of uneven
surfaces. This discussion is for simplicity reduced to two
dimensions (x–z) so that the position on the surface can be
expressed as a single variable. Assuming a constant depth
of the haptic probe when probing a surface, the force, f , is
varying depending on the height of the surface, h, as expressed in
f (x) = ks (h(x) + zprobe )
(4)
where zprobe is the haptic probe’s depth position. The force
variation depending on the slant of the surface can then be
expressed as
dh
df
= ks
(5)
dx
dx
During the stiffness map rendering we have no height variation, but instead a varying stiffness, ks (x), as is expressed
by equation 2. The variation of this force is expressed by
the derivative of that equation which results in
df
dks
=
(zprobe − zsurface )
dx
dx

(6)

Supposing that we want a force gradient from varying stiffness that resembles the deflection from varying surface
height, we set the respective force derivatives equal and get
ks

dh
dx
dh
dx

=
=

dks
(zprobe − zsurface )
dx
dks zprobe − zsurface
dx
ks

(7)
(8)

This results in an equation describing a virtual slant defined
by the variation of stiffness in the stiffness map. In the 3D
case with the two dimensional stiffness map, the derivative
is defined in both magnitude and direction by the gradient
of the elastometry data,
∇h = ∇ks

|xprobe − xsurface |
ks

(9)

We estimate the gradient of the elastometry data, ∇ks ,
through Gaussian weighted central difference.
The virtual slant from the stiffness variation is used to
calculate a deflection of the normal force into the tangential

direction. The tangential, ft , and normal directed, fn , components of the force previously calculated from equation 2
can be estimated using Pythagoras’ theorem describing the
relation between the edges of a right-angled triangle,
fn

=

f
q
1+

ft

=

dh
fn
dx


dh 2
dx

(10)

(11)

The final force feedback over a surface in a 3D environment can then be expressed, by combining equations 2, 9,
10 and 11, as
f = (N − ∇h)

ks (xsurface ) |xprobe − xsurface |
p
1 + (∇h) · (∇h)

(12)

where N is the surface normal.
Preliminary tests indicate that the slant cue feels consistent over the range of different stiffnesses and variations,
however it may be perceived as too strong in general compared to the actual gradient in stiffness. Therefore, we allow
for the strength of this cue to be scaled and plan for future
tests to determine the optimal value for this scale. The scaling is applied to ∇h before entering it into equation 12.

4

Clinical Setup and Demonstration

We have also arranged a clinical demonstration with real
data, with medical practitioners, for the purpose of testing
the viability of the developed algorithm. This constitutes an
informal, qualitative, formative study primarily of the presented algorithm, but also of the principle of using haptics
to explore and palpate elastography data in general.

4.1

Software, Hardware and Setup

The technique described above was implemented in C++
and X3D using a combination of H3D API and VHTK[12],
and installed on a laptop computer for fast and effective
transport and setup. It runs a 2 GHz Pentium M processor,
has 1 GiB RAM and a standard integrated graphics card.
The laptop controls a Desktop PHANToM, shown in figure 4, for haptic feedback, and presents the visual rendering
on the ordinary monoscopic laptop monitor.
During the demonstration the elastometric data were presented as stiffness map through the haptic algorithm, and
the B-mode image was presented as a visual texture. Alternatively, the elastography image was shown to allow the
clinicians to compare visual and haptic impression of the
same data.

differences can be perceived, however it is hard to appreciate the stiffness variation during lateral exploration. The
user needs to vary the applied pressure to get good cues of
stiffness, which is not part of the natural lateral exploration.
Adding force deflection adds cues of stiffness variation
also during the lateral exploration of the surface. Together
with height compensation, however, these cues feel artificial and unintuitive, there is slope but no height difference.
Deactivating the height compensation provides both a more
complete impression of especially the lower stiffnesses and
a natural combination between several cues: varying stiffness when applying pressure against the normal of the surface, the sense of slope when exploring the surface laterally, and the sense of penetrating at different depths when
the surface has different hardness.
Figure 4. The hardware setup used in the
demonstration. A laptop is running the software and a Desktop PHANToM from Sensable
provides the haptic feedback.

4.2

Participants and Data

Four clinicians participated in the demonstration of the
system. All medical doctors are associated with Haukeland
University Hospital in Bergen, Norway, and are specializing on internal medicine with ultrasonography as particular
interest. In the demonstration we provided preloaded data,
but also let the clinicians bring their own data to allow for
the multimodal exploration also of familiar data. We ended
up with representative strain images from phantom scanning, and of real tumours in the pancreas, ventricular wall
and rectum.

5

Results

The work presented here has resulted in both a technique
for elastography palpation, and the feedback from the clinical demonstration. Results regarding both these aspects are
presented here.

5.1

Elastography Palpation System

The implemented algorithm provides stable and consistent feedback with no apparent artifacts for all presented
features. The stiffness map generates normal directed forces
reflecting the stiffness of the elastometry data at the palpated point. Also, the height compensation, when enabled,
removes the perception of varying topography during lateral
exploration and the surface feels perfectly flat. The stiffness

5.2

Demonstration Feedback

The elastometric images explored with haptic sensing met high interest in the clinical audience. In fact,
even higher then were our initial expectations. Clinicians
that participated on our anecdotal feedback demonstration,
stated that palpation of measured data gives them a more
natural relation to the tissue from obtained images than the
visual coding. The main issue with the haptic sensing,
which we were expecting, was that the visual representation communicates more precisely the level of the tissue
stiffness. While the statement is true, the clinicians were
mutually agreeing that the haptic sensing gives the opportunity to put hands on the data. Combining visual means
with palpation experience strengthened, according to the
participants’ impression, the understanding of the stiffness
of the observed tissue. Also, using a combination of visually rendered B-mode co-registered with the haptic rendering of hardness from the elastometry data allowed for the
concurrent exploration and comparison of familiar morphological structures and their hardness to see, for example, the
expansion of malign tissues into adjacent structures.

6

Discussion and Outlook

These promising means for utilizing haptics in modern
diagnostics are at the moment far from daily clinical use.
One important question on this topic is which value we can
expect to be added to the exploration of the data when we
move from visual to haptic perception of the same data. We
have seen several potential answers to this question, such
as improving the impression of the data by providing the
familiarity of palpation to the clinician, providing a natural connection to the in-vivo examination, or simply by
providing the intuitive interpretation of stiffness and hardness of tissues. Also, it has been shown that by introducing more senses in the perception of data you improve not

only the accuracy of the qualitative assessment but also the
perceived reliability of that assessment[8]. Strain data are
by nature resistance to shape change under a force and this
information may possibly be perceived more accurately by
our tactile sense than by visual representation in a colourmap. Elastograms obtained from various regions of the abdomen represent images of pathological lesions at locations
and depths normally out of reach in a noninvasive clinical
examination. This may open up for tactile information also
from organs we are unfamiliar with palpating.
To assess what today seems promising, we need to perform several experiments with the clinical data. As the next
natural step, we are carefully designing a study that will
shed light on the utility of elastography haptics. This will
have to compare the clinical assessment in particularly difficult cases after purely visual and visiohaptic exploration
of the data.
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