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Abstract— During open surgery, surgeons can perceive the
locations of tumors inside soft-tissue organs using their fingers.
Palpating an organ, surgeons acquire distributed pressure
(tactile) information that can be interpreted as stiffness
distribution across the organ — an important aid in detecting
buried tumors in otherwise healthy tissue. Previous research has
focused on haptic systems to feedback the tactile sensation
experienced during palpation to the surgeon during minimally
invasive. However, the control complexity and high cost of tactile
actuators limits its current application. This paper describes a
pneumatic multi-fingered haptic feedback system for robot-
assisted minimally invasive surgery. It simulates soft tissue
stiffness by changing the pressure of an air balloon and recreates
the deformation of fingers as experienced during palpation. The
pneumatic haptic feedback actuator is validated by using finite
element analysis. The results prove that the interaction stress
between the fingertip and the soft tissue as well as the
deformation of fingertips during palpation can be recreated by
using our pneumatic multi-fingered haptic feedback method.

Keywords-finite element analysis; haptic feedback; multi-
fingered palpation; tumor identification

L INTRODUCTION

The hands of surgeons play an important role, since they
are indispensible tools to acquire tactile information for the
identification of tumors during open surgery. The accurate
localization of an embedded tumor is critical to ensure that the
entire tumor is removed and healthy tissue is spared as much as
possible. Areas that are stiffer than the surrounding tissue are
indicative for the presence of tumors. During Minimally
Invasive Surgery (MIS), “instrument palpation” can be
conducted: the organ surface is prodded by a long metal rod
inserted through the trocar to detect hard inclusions. Although
Robot-assisted Minimally Invasive Surgery (RMIS) has many
benefits over traditional MIS, such as enhanced 3D vision and
an improvement of dexterity, the sense of touch is still missing,
which makes intra-operative tumor identification difficult.
Instrument palpation cannot be conducted in RMIS where
direct haptic feedback is not available. Researchers tried to
implement instrument palpation methods using a RMIS system
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equipped with force feedback [1]. However, this type of
palpation procedure is quite time consuming [1]. In particular,
instrument palpation is time consuming and not effective for
small and deeply buried tumors since tactile information is
missing [2]. Low-cost visual tactile cues can be introduced to
compensate for the lack of tactile sensation - methods whereby
material property distribution graphically overlaid over visual
feeds from the operating site are presented [2], [3] are
presented. Nevertheless, graphically overlaying real-time
stiffness data over the camera image can negatively impact on
the clarity of the perceived image. Tactile actuators, which
provide the user with tactile feedback as experienced during
palpation, has been introduced for tumor identification in MIS;
as for instance described in [4]. However, its current
application is limited by the complexity and high cost of the
required tactile actuators. In order to reduce the control
complexity introduced by using the tactile feedback devices, a
multi-fingered palpation feedback method is proposed here.
Compared with tactile haptic methods as, for example,
described in [5], [6], the actuator elements in our multi-
fingered palpation haptic system are much reduced. This paper
describes a multi-fingered palpation haptic device with three
pneumatic haptic feedback actuators and shows its feasibility
experimentally.

II.  RELATED WORK

A. Area-based single-fingered palpation

The texture and material properties of an object can be
perceived by obtaining distributed pressure values during
mechanical probing [7]. Currently, tactile feedback display has
several types of techniques including tactile pin display [5],
vibrotactile [11], pneumatic activated tactile display [6],
microfluidic activated tactile display [12], surface acoustic
waves [13], focused ultrasound [8], electrorheology [14] and
electrotactile [15]. Two main simulation types are available for
tumor identification using tactile feedback devices: movable
components and materials with variable stiffness. Providing
distributed pressure (tactile information) to one finger during
palpation has been conducted in [5], [6], [16]. Pneumatic tactile
displays use air pressure to displace the skin, either by
discharging air directly through nozzles against the skin or
inflating conformable tactors. Kim et al. [16] tested a
pneumatic approach using an array of open nozzles to
discharge compressed air directly against the skin. Culjat et al.
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[6] developed a pneumatic balloon tactile display, which can be
easily attached to existing commercial robot-assisted surgery
systems such as da Vinci. Klein et al. [63] described a tactile
actuator array using electrorheological fluid. Liu et al. [64]
described a design of a single MR fluid-based tactile element.
Instead of only provide tactile feedback, Kim et al. [5]
combines tactile pin display with kinesthetic feedback in a
palpation simulator. The experimental results show that
compared to the single-point palpation, the area-based single-
finger palpation provides the user with more precise perception
of the shape and softness of the embedded nodules. The
development of tactile devices is hampered by the limited
understanding of the human tactile receptors. The lack of
commercially available tactile devices limits current
application of area-based palpation simulation.

B. Multi-fingered palpation

Multi-fingered palpation is more common than single-
fingered palpation in real practice. There are some reports
about multi-finger palpation simulation. In 1990s, Rutgers
Master II force feedback glove, which can provide force
feedback up to 16 N to each finger, was used in palpation
simulators. It was applied on training of knee palpation [17]
and for abdominal palpation for liver tumor detection [18].
Pneumatic actuators are used to apply forces to all of the
fingertips except for the pinky finger. It is light weighted (only
80 grams). However, the glove limits the range of motion of
the fingers because of the placement of the cylinders. Another
example is the haptic Interface Robot (HIRO) device. It was
used for breast palpation simulation [19]. The device was
developed by Kawasaki et al. [20]. It consists of a force
actuated 6-DOF arm and 3 fingers with 3-DOF force output.
And it was upgraded to the five fingered HIRO III device [21].
However, the price is relatively high.

III. MULTI-FINGERED PALPATION SYSTEM

Our actuator contains a deformable surface, a non-
deformable substrate with a cylindrical hole, air tubing and a
pressure-controllable air supply. When it is in use, a finger of
the user is in contact with the surface of the actuator and the air
pressure inside the actuator replicates the soft tissue stiffness.
Higher air pressure represents stiffer tissue regions while lower
pressure represents softer regions. At the same time, the
actuator creates a deformation of the user’s fingertip and gives
an impression of the indentation when palpating a soft organ.
During palpation, for the same force applied, the indentation
depths are different between a harder area and a healthy soft
tissue area. Thus, the deformations of the practitioner’s
fingertip are different. Fig. 1 shows a pneumatic haptic
feedback actuator, which consists of four main parts—a soft
silicone layer, a silicone rubber film (SILEX Ltd., HT6240,
0.25 mm thick, tensile strength 11 N/mm®, elongation at break
440%, tear strength 24 N/mm), a PDMS substrate (GE
RTV615) with a cylindrical cavity (4 mm in diameter), and air
tubing. Air is injected into the cavity of the PDMS substrate
and causes the silicone rubber film to inflate. The upper soft
silicone layer (RTV6166 A : B=4 : 6, thickness: 3 mm) is used
to simulate the touch impression of soft tissue and limit the
deformation of the silicone rubber film. The silicone rubber

film and the substrate are bonded with translucent silicone
rubber adhesive E41.

Fig. 2 shows the block diagram of the control of the
pneumatic haptic feedback actuator. Data from the tactile
sensor elements are divided into three groups, whose average
values are used as the input of the system. According to the
tactile sensing input (e.g. from the tele-manipulator), the
corresponding three channels of air pressure values are
calculated. Two NI DAQ cards (USB-6211) are used as
analogue signal generators for the pressure regulators (SMC
ITV0010). The pressure regulators inflate each of the actuators
with proportional pressures ranging from 0.01 to 0.1 MPa.

Silicone Layer,

Rubber Film.

: T T
~CICE -~
PDMS e """Y‘ o
Substrate < \C .
avity
(a) (b)  Inside

Figure 1. A pneumatic haptic feedback actuator, shown in (a); schematic
diagram of components, (b).
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Figure 2. Multi-fingered palpation system.
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IV. VALIDATION AND RESULTS

A. Deformation response of the actuators

The deflection response of the actuators was examined
under different inflation pressures ranging from 0.01 MPa to
0.1 MPa. The deflection of the actuators (without the silicone
layer mounted) was measured by using a digital calliper
(Resolution: 0.01 mm, accuracy +/- 0.02 mm). Tests were
repeated five times. Fig. 3 shows a non-activated and an
activated pneumatic haptic feedback actuator. Fig. 4 and Table
1 show the test results of actuator deformation (&) testing. The
accuracy of the linear trend lines are indicated by the
correlation coefficients, confirming the linear relationship
between the vertical actuator deflection and the inflation
pressure.
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B. FE Modelling

According to the design, the perception of stiffness comes
from the air pressure inside the pneumatic actuator, and the
deformation of fingertip caused by the inflation of the actuator
gives an impression of the indentation when palpating a soft
organ. The stress and deformation of the fingertip caused by
palpation are compared with them caused by the actuator using
finite element (FE) modeling.

(a) (b)

Figure 3. (a): Non-activated pneumatic haptic feedback actuator; (b):
Activated pneumatic haptic feedback actuator.

TABLE L PNEUMATIC HAPTIC FEEDBACK ACTUATORS DEFORMATION
REGRESSION
Status Equation R-squared value
Inflation y=0.4276x-0.3032 0.9834
Deflation y=0.4746x-0.1333 0.9725
All y=0.4575x-0.2098 0.9563
5
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Figure 4. Pneumatic haptic feedback actuators deformation (€) testing
results, across five triles.

1) FE Model

The deformation responses of the fingertip are analyzed
using a multi-layered two-dimensional (2D) finite element
model, as shown in Fig. 5. The fingertip is assumed to have a
width of 16 mm and a height of 12 mm, representative of the
index finger of a male subject [22]. The skin was assumed to
have a thickness of 0.8 mm [23]. The cross section of the
fingertip was obtained with reference to fingertip anatomy
images [24]. The cross section of the bone is assumed to be
elliptical. The nail and bone are considered as linearly elastic.
The Young’s moduli of the bone and nail are assumed to be
17.0 GPa and 170.0 MPa [25]. The Poisson’s ratio is assumed
to be 0.30. The densities of bone, nail, skin, and soft tissue are
considered to be 2.7, 2.0, 1.0, and 1.0 [23]. The elastic
deformation behavior of the finger skin and subcutaneous soft
tissue is assumed to be hyperelastic. The Ogden model is used
to describe the elastic behavior of the tissue.

ul 2#, T T 7T 1 2i
U= "5+ + 4" =3)+—( -]
i=1 O D,

where J = ;4,43 is the volume ratio, 3. = 7', with 4; (i=1,
2, 3) is the principal stretch ratios, a;, D;, and y; are the material
parameters, and N is the number of terms used in the strain
energy function. For the skin, o; = -10.898, D; = 0.0, u; =

1.8428%107° MPa. For the subcutaneous tissue, a;= -4.4894, D;
=0.0, y;= 1.934 x10”MPa [23].
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Figure 5. Finite element model of a fingertip in contact with a soft tissue
surface: the fingertip is composed of skin, subcutaneous tissue, bone, and nail;
the soft tissue, the skin, and subcutaneous tissue are assumed to be
nonlinearly elastic; the nail and bone are assumed to be linearly elastic.

The cross section of the simulated soft tissue sample is 100
mm * 30 mm. The cross section of the simulated tumor is
circular (10 mm in diameter). The density is 1000 kg/m’. The
elastic deformation behavior of the soft tissue and tumor inside
is also assumed to be hyperelastic. The Arruda-Boyce strain
energy function is used to describe the elastic behavior of the
tissue.

SC o o 1 JE-1
l/=uggz?gu.+3)+;50457—hnan
where Clzl s szi , SZL , 4:£
2 20 1050 7000
— _S19 ; U is the strain energy; y is shear modulus, 4, is
* 673750

1
locking stretch; 7,= (4,°+ A,°+ A;°)>2
dependent material parameter related to the bulk modulus; J,, is
the elastic volume ratio. For fully incompressible materials J,;
= 1, thus the second term of equation is zero. In the model, the
chain stretch is represented in terms of the principal stretches
A1, A, and Az as [26]:

; D is a temperature

1
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Under a uniaxial compression A along the direction of 4, ,

Ay = A, A,= A,. Since the

incompressible, it  holds:

LA, A3 =1 Thus, 1,%= 4,% = % , and the chain stretch can

the principal stretches follows:

tissue is assumed  as

be expressed as:
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Tchain = l 12 + z
3 A

The locking stretch, 7, is equal to the chain stretch 7, at
which the stress starts to dramatically increase as A increases.
For the soft tissue, using the experimental data from porcine
kidney in [27] that u is 1.850 kPa; 7, is 1.05; and the density is
850 kg/m3. For the nodule, 7, is 1.01, u is 73.4 kPa, and the
density is 1000 kg/m’.

The membrane is considered linearly elastic. The ASTM D
2240 hardness of the membrane is 40 Durometer. The
relationship between the Young’s modulus and the ASTM D
2240 hardness is described as [28]:

log(E) = 0.0235S —0.6403

S§4,20<5,<80
S = {

Sp+50,30<S5,<85

where S, is the ASTM D2240 type A hardness, Sp is the
ASTM D2240 type D hardness, and E is the Young’s modulus
in MPa. Thus, the Young’s modulus of the membrane is
calculated to be 1.994 MPa. The silicone layer is considered as
hyperelastic. Arruda-Boyce strain energy function is used to
describe the elastic behavior of the silicone layer. y is 4.98 kPa;
7, is 1.05; and the density is 980 kg/m’[27].

2) Simulation

Using the proposed FE models of the fingertip and the soft
tissue sample, the behavior of indentation on the soft tissue
with and without tumor embedded is modeled. The indentation
depth increases from 0 to 7 mm. Thus, a downward
displacement of 7 mm is applied to the finger bone. Fig. 6 and
Fig. 7 show the simulation results of palpation on a soft tissue
without and with a hard nodule embedded, respectively. Using
the proposed FE models of the fingertip, the silicone rubber
membrane, and the silicone layer, the interaction between the
fingertip and the pneumatic actuator is simulated, Fig. 8. The
air pressure is simulated by a distributed load, increasing from
0to 0.1 MPa. At the same time, a downward displacement of 1
mm is applied to the finger bone to simulate the pressing
behavior of the finger.

Fig. 9 shows (a) the interaction stress at the interaction
center caused by the palpation indentation on the soft tissue
without any hard inclusions embeded and (b) the stress change
caused by the actuator. Air pressure 35 kPa applied to the
pneumatic actuator could simulate 7.0 mm palpation
indentation. The RMS error is 221.5 Pa (4.4%). Fig.10 shows
(a) the interaction stress change at the interaction center caused
by the palpation indentation with a hard inclusion embeded and
(b) the stress change caused by the actuator. Air pressure 58
kPa applied to the pneumatic actuator could simulate 7.0 mm
palpation indentation. The RMS error is 286.3 Pa (3.6%).

Figure 6. The stress distribution for palpaiton on a soft tissue without any
hard nodule embedded.

Figure 7. The stress distribution for palpaiton on a soft tissue with a hard
nodule embedded.
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Figure 8. The stress distribution for the interaction between the fingertip and
the pneumatic actuator.
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Figure 9. The stress at the fingertip center caused by the palpation
indentation (0-7 mm indentation depth) on the soft tissue without any hard
inclusions embeded, shown in (a), and the stress caused by the actuator (0-35
kPa air pressure), (b).
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Figure 10. The stress at the fingertip center caused by the palpation
indentation (0-7 mm indentation depth) on the soft tissue with a hard inclusion
embeded, shown in (a) , and the stress caused by the actuator (0-58 kPa air
pressure), (b).

C. User study

To prove the feasibility of the developed actuator, a user
study on multi-fingered palpation haptics was conducted. The
stiffness distribution map is shown in Fig. 13. A pressure-
sensitive touchpad is used as a position and normal force input
device. Both the graphical feedback of tissue deformation
through computer graphics and mechanical feedback via the
pneumatic haptic feedback actuators were provided. Nine
subjects were involved in this study. None of them had any
palpation experience. All participants could feel the simulated
stiffness differences. The measured stiffness distribution came
from a silicone phantom soft tissue embedded with artificial
tumours A, B, C (see Fig. 12), which were plastic cubes with
thickness of 4 mm, 12 mm and 8 mm. The detection rates of
simulated tumour A, B, C were 66.7%, 100%, and 88.9%,
respectively. There was a positive correlation between the
detection rates and nodule sizes.

™ Tumor B

= Tumor C

Graphical
Interface of
Palpation
Simulation

Three Avatars of
Fingers (Red,
Blue, Green)

Pneumatic
Haptic Feedback
Actuators

Pressure-sensitiv
Touchpad

Figure 12. Experimental setup for evaluation test.

V. DISCUSSION

Some hysteresis can be observed between inflation and
deflation, Fig. 3. Further analysis is needed. There are some
differences on mid- to high-range the deflections between the
different finger actuators, which might be overcome by a
standardized fabrication process. During the evaluation tests, it
is found that a single palpation indentation behavior could not
continue for a long time because there is a reaction time
accumulation for the air pressure control. If the desired air
pressure values are continuously received, the pressure
regulators need to respond all the commands sequentially.
Thus, the respond time of the regulators is accumulated.
Further study is needed to reduce the reaction time
accumulation of the actuators. Preliminary results demonstrate
relatively good tumor detection rates, showing direct
correlation between tumor size and detection rate. In the future,
studies should be carried out involving medical subjects with
palpation experience. A further comparison study between a
single-point force feedback palpation and the proposed multi-
fingered palpation would be helpful to demonstrate the
advantages of the proposed method.

VI. CONCLUSIONS

This paper presents a multi-fingered pneumatic actuator
system that allows a user to carry out palpation of soft tissue
experiencing haptic sensations at multiple fingers. The system
changes the stiffness of air balloons (attached to fingertips) to
simulate soft tissue stiffness and recreates the deformation of
fingers, as experienced during palpation. This principle is
proved by examining the deflection response of the actuators,
analyzing the contact stress and finger tip deformation using
finite element analysis, and evaluating the performance of
tumor identification in a user study. The results proved that the
stress changing of fingertips during palpation can be recreated
by using our pneumatic multi-fingered haptic feedback method.
The proposed pneumatic haptic feedback actuator provides a
solution for multi-fingered palpation haptics. With real-time
tactile sensing data, the application of this actuator can be
extended from simulated haptics to intra-operative palpation
haptics.
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