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Abstract—Advanced tactile tools in minimally invasive 
surgery have become a pressing need in order to reduce time 
and improve accuracy in localizing potential tissue 
abnormalities. In this regard, one of the main challenges is to 
be able to estimate tissue parameters in real time. In palpation, 
tactile information felt at a given location is identified by the 
viscoelastic dynamics of the neighboring tissue. Due to this 
reason the tissue examination behavior and the distribution of 
viscoelastic parameters in tissue should be considered in 
conjunction. This paper investigates the salient features of 
palpation behavior on soft tissue determining the effectiveness 
of localizing hard nodules. Experimental studies involving 
human participants, and validation tests using finite element 
simulations and a tele-manipulator, were carried out. Two 
distinctive tissue examination strategies in force-velocity 
modulation for the given properties of target tissue were found. 
Experimental results suggest that force-velocity modulations 
during continuous path measurements are playing an 
important role in the process of mechanical soft tissue 
examination. These behavioral insights, validated by detailed 
numerical models and robotic experimentations shed light on 
future designs of optimal robotic palpation. 

I. INTRODUCTION 

The technological development in the field of surgical 
robotics made it possible to enhance the quality of various 
surgical procedures, robot-assisted Minimally Invasive 
Surgery (MIS), for instance. This procedure is performed 
using tele-manipulator robotic devices which move through 
small incisions in a patient body. Shorter recovery times and 
reduced traumatism for patients are among various benefits 
of such procedures[1]. MIS requires the use of miniature and 
dexterous surgical tools, which continually evolve [2], [3]. 
However, there still exists a need to develop more advanced 
surgical tools, such as tactile probes for intra-operative soft 
tissue examination and tumor detection. Currently, tactile 
feedback is completely disregarded in robotic MIS and the 
navigation of tools during surgery is performed remotely with 
the help of three-dimensional visual displays. The 
implementation of tactile probing devices can help to provide 
tactile feedback information to the surgeon and to improve 
clinical outcomes [4]. 
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The area of tactile sensing for MIS has been extensively 
studied lately. There are various promising projects of tactile 
devices in this field, which, however, are not yet used for real 
medical applications, described in [5–8]. This is mainly 
because only tested and certified devices can be used in 
surgery. The results of artificial tactile examination, while 
organ probing or palpation, should be accurate, robust and 
efficient [9]. Various factors, such as nonlinear mechanical 
soft tissue properties, mobility of organs, blood flows and 
patient breathing can influence the correct results of tactile 
data, thus providing large variability over several trials [10], 
[11]. Therefore, any soft tissue examination probe for MIS 
should be able to take into account the influence of the 
environment and work under variable conditions with an 
optimal behavior. 

To solve this problem, the knowledge about various tissue 
examination strategies should be developed. It can enhance 
the quality of soft tissue tactile information and improve the 
accuracy in abnormality detection during tactile probing. 
Hereby, one needs to study how humans palpate soft tissue, 
as palpation is used during open surgery for diagnostic 
purposes. Surgeons rely on tactile information to assess the 
location, structure and shape of a potential tumor. But the 
strategies and behaviors of manual palpation are not 
standardized and can vary depending on the clinician’s 
preferences [12]. Moreover, there exist various techniques 
used for the examination of specific organs. For instance, 
during clinical breast palpation, usually, vertical or spiral 
patterns are applied to scan the whole surface of the breast 
and to locate sites of potential abnormalities. Then circular 
movements with variable pressure or tissue rolling between 
fingers is applied to scan suspicious areas [13]. Finger 
tapping, vibration and sliding are popular techniques to check 
the presence of abnormality during prostate palpation [14]. 
Usually, various techniques are combined during one 
examination to enhance the general result [15]. Moreover, the 
efficiency of palpation largely depends on experience of a 
person and physical capabilities of human tactile perception  
[16]. 

There are various clinically related works, where 
palpation techniques for different body parts and organs are 
evaluated and compared [17], [18]. Such approaches discuss 
the performance of each technique for abnormality detection 
and develop sets of recommendations to increase efficiency 
of palpation. However, the physical quantification of each 
technique and its impact on abnormality localization is not 
discussed. Work in [19] has evaluated the impact of force and 
velocity during virtual palpation of simulated materials with 
different stiffness values. The results have shown the 
dependence of these two factors on the properties of the 
environment. The focus of this paper is to study manual 
palpation of soft media with hard inclusions to understand the 
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impact of the main behavioral features of this procedure, such 
as applied force and finger velocity. Strategies used to locate 
an abnormality are studied for prospective implementation of 
this knowledge in artificial probing systems that could be 
used during MIS. 

In Section II, information about palpation studies is 
presented; Section III presents the mathematical modeling of 
the obtained findings. The probing strategies are 
implemented and evaluated using a tele-manipulator setup 
with tactile sensing probe in Section IV. In Section V the 
results and discussion are presented. 

II. PALPATION STUDIES 

A. Experimental Setup 
1) Experimental Protocol and Subjects 
The target of the palpation studies was to understand the 

mechanisms employed by humans to detect harder 
formations in soft media and to evaluate exerted finger 
pressure and palpation velocities. The experimental protocol 
of this work was approved by the King’s College London 
Biomedical Sciences, Dentistry, Medicine and Natural & 
Mathematical Sciences Research Ethics Subcommittee. 
Palpation tests, carried out in the framework of this work, 
were implemented involving sixteen human participants – 
eight experts with medical background and at least five years 
experience in manual palpation, and eight novices with 
regards to medical training. The subjects were asked to 
palpate the phantom tissue in a linear unidirectional way in 
order to sense hard inclusions over the defined measurement 
path. Each test consisted of five trials.  

Three hard nodules, placed 30 mm apart with a diameter 
of 10 mm, were embedded in the silicone phantom 
(100×100×30 mm3) at different depths from the surface – 2 
mm, 6 mm and 11 mm. To fabricate the soft tissue phantom, 
silicone gel compound RTV6166 (Techsil Limited, UK) with 
ratio 4:6 and stiffness of 900 mPa⋅s was used. Hard silicone 
compound RTV615 (Techsil Limited, UK), ratio 10:1 and 
viscosity 4000 mPa⋅s, was employed for the nodule 
fabrication. Thus, the relation of stiffness between soft tissue 
and abnormity is kept, as the abnormality is typically stiffer 
[20].  

2) Force Measurements 
To evaluate finger velocity and pressure of the subjects 

during manual palpation, an experimental setup was 
developed, Fig. 1. The force and torque values, applied by the 
finger, were measured with an industrial force / torque sensor 
Mini 40 (ATI industrial automation), which was placed under 
a transparent supporting plate for silicone phantom. It has a 
sensing capability of 6DOF and a force sensing range of 
±10N in lateral directions and ± 30N in normal direction. The 
resolution of normal force is 0.01N allowing acquiring 
accurate data.  

3) Movement Tracking 
A three-dimensional vision system (Microsoft Kinect 

camera) is used to record finger movements during palpation. 
The Kinect is equipped with a camera with 640 ×480 pixel 
resolution and a depth sensor, and has data acquisition 
frequency of 30 fps. To track movement of a subject’s hand 
during palpation, the Microsoft Visual C++ with OpenCV 

package was used. Thereby, three-dimensional position was 
recorded and used to calculate velocity. The accuracy of 
position detection for the camera depends on the speed of 
movement of an object. Evaluation tests, involving 
comparison with an alternative method of position tracking, 
were carried out to quantify the accuracy of the Kinect 
camera. The finger trajectories were recorded with a Kinect 
hand-tracking algorithm and two cameras, placed at a fixed 
distance. The stereovision display of the fingers equipped 
with colored marker was processed in MATLAB to obtain 
the trajectories. The result of the comparison of the two 
trajectories has shown that the position accuracy for the 
Kinect camera during the palpation movement tracking is 1-2 
mm, which is suitable for our studies.  

 
Fig. 1. The arrangement of the experimental setup: 1 – a subject is 
performing palpation of phantom tissue with three embedded nodules (a) in 
a unidirectional way on a predefined path of palpation (b); 2 – force and 
torque sensor measures load applied during palpation; 3 – Microsoft Kinect 
camera, using OpenCv algorithm, the hand trajectory; 4 – all data is 
recorded and synchronized 

B. Palpation Results  
The effects of palpation force and velocity need to be 

evaluated in the spatial context of hard nodule detection; 
therefore, one needs to analyze only those measurements in 
the neighborhood of the detected nodule. Five subjects 
detected the first nodule (embedded at 11 mm from the 
surface), and ten participants sensed the second nodule 
(located 6 mm deep from the surface).All sixteen subjects 
detected the third nodule located just 2 mm from the surface; 
no false positives occurred. Therefore, data obtained in the 
region of the third nodule was taken for the following 
analysis.  

To analyze the gradual modulations of palpation force 
and velocity around the third nodule, this area was separated 
into several regions - bars, as shown on (Fig. 2). The width of 
the bars was set to 5 mm (radius of the nodule). There was no 
significant variance of force and velocity (average 5%) inside 
each bar, according to experimental verification. Firstly, to 
understand the general pattern of force and velocity 
modulation for the region around the third nodule, mean 
values of applied force and velocity for six bars for each 
subject are shown in Fig.3 and Fig.4. Some distinctive trends 
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can be observed for in the modulation of these two variables 
across the region of interest. Force and velocity tend to 
increase or decrease during the detection of a hard nodule. 
Therefore, the effect of each variable on the particular 
location in the area around the nodule should be tested.  

 
Fig. 2.  Interval bars around the nodule (palpation path marked blue) 

 
Fig.3.  Force distribution across all subjects 

 
Fig.4.  Velocity distribution across all subjects 

A three-way analysis of variance (ANOVA) test was 
conducted to observe the significance of the variability of 
each factor – force, velocity, and individual subject - at 
various distances (Bars) from the nodule. The variation of 
applied force has a significant effect (F(3.96) = 14.9,  p < 
0.00001) on the location around the nodule. However there 
was no effect from velocity (F(3.96) = 2.1,  p = 0.15) and no 
effect from the impact of each individual subject (F(3.96) = 
0.21,  p = 0.65). The separate analysis of the two groups of 
subjects, experts and novices, has shown the same result. 
Therefore, one can conclude that the modulation of finger 
pressure around the location of a hard inclusion is following a 
certain pattern, while the velocity modulation seems not to be 
following a specific pattern among subjects. 

To understand the modulation of velocity and force 
around the nodule better, the inclination of the normalised 

magnitude of the variable should be studied. Therefore, a 
first-degree polynomial was fitted to the mean values of the 
variables for each Bar. Fig. 5confirms the statistical 
significance of force across all subjects and demonstrates the 
consistent decay of this variable. The velocity trends can only 
be observed in case the fitted line is displayed on two 
separate plots, as shown in Fig.6. One can observe that there 
are two behaviors of velocity strategy – it can either decrease 
or increase. In order to confirm the presence of two strategies 
in palpation over a hard nodule, slope (gradient) values of 
fitted lines of velocity m(V) were plotted versus slope values 
of fitted lines of force m(F) (Fig.7).Two trends of palpation 
behavior partitioned with k-means clustering algorithm can 
be seen – decreasing (63% of subjects) and increasing (37% 
of subjects) velocity is accompanied with a decrease of force. 
Here it is worth to mention that experts are represented in 
both groups. 

 
Fig. 5. Distribution of force for each subject shown with data points for 
each bar, fitted lines show inclination of force (dotted red line – experts, 
solid blue line – novices) 

Fig.6. Distribution of velocity for each subject shown with data points for 
each bar a) first group of subject fitted lines show inclination of decreasing 
velocity, and b) for second group, fitted lines show inclination of increasing 
velocity:(dotted red line – experts, solid blue line – novices) 

To check the statistical significance for both behaviors, a 
three-way ANOVA test was conducted again separately for 
the two groups of subjects with different palpation strategies. 
The result of the analysis for the strategy with decreasing 
velocity gradient has shown, the significant effect of both 
force (F(4.00) = 11.34,  p < 0.00001) and velocity magnitude 
(F(4.00) = 7.22,  p < 0.00001) on the variability of data at 
various distances (Bars) from the nodule. Similarly, for the 
strategy with increasing velocity, these two factors are 
significant as well ((F(4.18) = 10.85,  p < 0.0001) for force and 
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(F(4.18) = 9.4,  p < 0.0001) for velocity magnitude). Thus, our 
studies of palpation behavior have shown the presence of two 
strategies. The force-velocity modulation is used in the 
region of hard formation to detect the presence of an 
inclusion in two ways: a) the magnitude of applied velocity 
and force decreases, and b) the magnitude of applied velocity 
increases but the magnitude of force decreases.  

Fig.7. Slope values of fitted lines of force m(F) plotted versus Slope values 
of fitted lines of velocity m(V). Two clusters, obtained with k-means 
method are shown with blue and red dots 

Fig. 8. Finite element simulation of silicone phantom indented with a 
fingertip (diameter 20 mm) above the nodule location (diameter 10 mm): a) 
initial position, b) location above the nodule, c) final position. 

III. INTERPRETATION OF PALPATION STRATEGIES 

A. Finite Element Model of Silicone Phantom 
In this section the palpation strategies defined previously 

are modeled using finite element (FE) simulations in 
ABAQUS 6.10 software. The aim of this analysis is to 
understand the response of soft tissue during each strategy of 
palpation. In order to model the silicone phantom, the 
material properties are defined using non-linear, isotropic, 
incompressible, and hyperelastic Arruda-Boyce model, using 
constitutive equation obtained for the same silicone in [21]. 
The phantom tissue was modeled as a 50 × 30 mm2 planar 

block, as shown in Fig. 8. The size of the element mesh was 
set as 1 mm using a four-node bilinear stress quadrilateral, 
reduced integration, hourglass control (CPS4R) element type. 
The diameter of the nodule was set to 10 mm and it was 
embedded 2 mm deep from the surface. To simulate a finger 
during manual palpation the discretely rigid spherical body 
was simulated as a mass of 0.1 kg. The diameter of the sphere 
was set to 20 mm, taking into account the limits of a fingertip 
contact area. The contact between simulated tissue and 
indenting body was set as frictionless, assuming perfect 
lubrication. The sphere was indented in the material at 3 mm 
for the first step of FE simulation. During the rest of 
simulation, the indentation depth was not controlled and it 
was moved along the normal direction of the simulated 
tissue. 

B. Simulated Tissue Responses for Palpation Strategies  
Modulations of palpation force and velocity around the 

location of a hard nodule were shown in Section II. The aim 
of FE simulations is to understand the stress responses from 
soft tissue during examination. The contact area with the 
simulated material is constant, thus, in this case, the stress 
can be directly compared with force. The obtained magnitude 
of force and velocity slopes, for both strategies, was applied 
on the simulated model of a phantom tissue with a hard 
nodule. To simulate the change of force applied by the 
subject, the weight of the simulated finger was varied. Four 
different examination strategies were tested: a) increased 
velocity and decreased force; b) decreased velocity and 
decreased force; c) constant velocity and decreased force; d) 
constant velocity and constant force. Fig.9 displays the stress 
magnitude of the indentation contact point along the 
movement path. It can be observed that the maximum stress 
distribution for all types of exposure is achieved as the 
nodule is touched. The stress distribution is more or less 
uniform for the decreased force and velocity magnitude (b). 
The exposure with increased velocity and decreased force 
results to high stress feedback before the location of a nodule 
(a). While stress response for the strategies (c and d) with 
constant velocity contains some peaks after the nodule is 
detected. 

 
Fig.9. Stress component over palpation path for a) increased velocity and 
decreased load; b) decreased velocity and decreased load; c) constant 
velocity and decreased load; d) constant velocity and constant load  

The results of FE simulations have shown that force - 
velocity modulations applied during the palpation of a hard 
nodule influence the stress distribution in soft tissue. 
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Therefore, these palpation parameters should be taken into 
account during soft tissue examination. 

IV. VALIDATION OF PALPATION STRATEGIES 
In order to understand and interpret palpation strategies 

and to validate simulation results, it is important to study 
tactile feedback sensed by participants. This section describes 
experiments carried out on the tele-manipulation setup 
[22].To study how the strategies, observed in the Section II, 
are sensed by t he human, a tele-manipulator setup was used 
to scan the silicone phantom with the help of a tactile probe 
in two ways:(a) with decreasing and (b) with increasing 
velocity. Similarly to the palpation studies, an examination 
was performed in a linear unidirectional way over the 
location of the hard nodule. Ten experiments were carried out 
for each strategy to measure the force feedback sensed by a 
tactile probe of the silicone phantom.  

A. Tele-manipulator Setup 
Fig.10 shows the arrangement of the setup. A user 

implements the position control of the robot arm (Fanuc M-
6iB) with the help of haptic device (PHANTOM Omni, 
Sensable). The average delay of the system is 0.25 ± 0.04 s 
and the average position error 0.48 mm. The resultant 
position of the robot end effector is displayed in the virtual 
environment, which is the virtual model of the phantom 
tissue. A sliding tactile probe with a spherical indenter (6 mm 
diameter), attached to the end effector of the robot, was used 
to measure force feedback from the phantom tissue. A force / 
torque 6DOF sensor Nano17 (ATI industrial automation, 
force resolution 1/320N) was employed as a sensing element 
integrated at the tip of the probe. In order to reduce the effect 
of friction the surface of the phantom was lubricated. 
Stiffness values were calculated using force data and 
indentation depth of the probe, and displayed on the screen as 
a colormap. In addition, a camera was used to observe the 
position of the probe during phantom examination in real 
time. 

 
Fig.10. Tele-manipulator setup: a) Haptic device PHANTOM Omni 
(master) is used to control the position; b) Fanuc robot (slave) is following 
the trajectory; c) Force sensing probe is scanning the silicone phantom (d); 
e) Virtual tissue is displayed on the computer monitor; f) Position of the 
probe is displayed in real time; g) Stiffness distribution colormap is 
generated using force and indentation depth data 

B. Results of Tele-manipulation 
The results of forces recorded during tele-manipulation 

(path over the nodule, ten trails) are shown in Fig. 11 and 
Fig.12. As expected, the feedback force profiles are different 
for each probing strategy and can provide information about 
the palpation behavior, applied during each strategy.  

If the indentation depth of the probe is constant during 
examination, the areas of high stiffness (hard nodule) are 
denoted with increased force feedback. But the indentation 
depth is not controlled for this experiment. Thus force 
feedback for decreasing velocity (Fig. 11) has two peaks and 
a steep trough around the location of the nodule. This means 
the indentation depth above the nodule has reached a 
minimum.  In other words, the probe has followed the shape 
of the nodule, while subjects were relying on the kinesthetic 
sensing – the location of the finger in space during palpation. 
This observation corresponds to the simulation shown in 
Fig.9 b), as stress magnitude did not vary significantly 
around the location of the nodule. Assuming constant contact 
area, a subject senses higher feedback force as the stress of 
that area is higher. That allows comparing force feedback 
detected by the tactile probe and stress magnitude from FE 
simulations. 

 
Fig. 11. Force feedback sensed with probe based on decreasing velocity 
strategy 

 
Fig.12. Force feedback sensed with probe based on increasing velocity 
strategy 

The force profile, measured by the probe, for the 
increasing velocity strategy (Fig.12) gradually decreases 
within the marked area. First, the peak is reached just before 
the location of the nodule. The force drops along with the 
decrease of the velocity, i.e. when an inclusion is sensed. As 
discussed, the force feedback can be the determining factor 
during hard area localization if indentation is kept constant. 
Thus, as opposed to the first strategy, the most likely is that 
the received force feedback, in this case, is the determining 
factor for the localization of the hard nodule. The drop of the 
force can be explained by the fact that the location of the 
nodule is already detected. The simulation in Fig.9a) supports 
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the results obtained during tele-manipulation - the stress 
magnitude has reached its peak before the nodule. 

V. CONCLUSIONS  
This paper provides an analysis of palpation behavior and 

presents the strategies for a mechanical examination of soft 
tissue. Our findings clearly show two distinct strategies that 
are applied during finger-based palpation of soft materials 
that contain embedded hard inclusions. For each strategy, FE 
simulations and validation experiments on the tele-
manipulation setup were carried to support the experimental 
results. 

The results show how the interaction between a finger 
and a soft tissue influences the way a hard nodule is detected. 
The correct combination of all variables (probing force and 
velocity) significantly improves the tumor localization 
process. The state variables of the palpation strategies are 
summarized in Table I. 

TABLE I.  PALPATION STRATEGIES 

Strategy 
State variables with respect to the nodule location 

Velocity Pressure applied Most likely 
determining factor 

1 Decreasing  Decreasing Kinesthetic feedback/ 
Displacement 

2 Increasing  Decreasing Force feedback 

It was shown, that the different determining factors are 
being used during each strategy to detect hard inclusions. 
Thus, the detection and localization of malignant and benign 
formations can be significantly improved by using one of the 
palpation strategies or by alternating between the two of 
them. This implies that the reliability of detecting abnormal 
tissue sites depends not only on the sensitivity of the probe 
itself, but also the force/velocity control strategy too. This 
arises from the fact that the interaction dynamics between the 
probe and the tissue depends on how the applied force and 
probing velocity interact with the viscoelastic dynamics of a 
non-homogeneous tissue. The unpublished extension of this 
work reveals the significant impact of the type of soft tissue 
on the palpation results. We believe that the findings can 
provide valuable design guidelines for new probing devices, 
which would measure soft tissue properties along a 
continuous probing path. 
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