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Abstract—Palpation of arteries holds significant physiological
importance. Existing pulse actuator designs intended to replicate
the haptic sensations of palpation primarily focus on normal
force interactions, often overlooking the shear forces generated
by oscillations of the arterial wall during blood flow. This study
aims to evaluate the normal, longitudinal, and transverse forces
exerted by arteries through both theoretical and experimental
analyses during palpation. The experimental validation features a
pulse actuator-sensor system. The actuator component is a hydro-
electromagnetic actuator, while the haptic sensing is performed
by the Subblescope. The Subblescope measures arterial force
feedback from both soft and hard artery models, as well as from
the radial pulse in 18 human subjects. Mathematical analysis
establishes the operational range of the sensor-actuator system as
0.005 N to 2.5 N. The force feedback from the simulation has been
used for designing the total force generation by the actuator. The
reactive force along the Z-axis varies between 19.3 mN to 500 mN,
while the transverse and longitudinal forces along the Y and X
axes range from 6.9 mN to 88.01 mN and 5.46 mN to 87.85 mN,
respectively. The pulse-force map of the hard artery reveals
higher three-dimensional force interactions compared to the soft
artery. The hydroelectromagnetic actuator effectively generates
both normal and shear forces during pulsatile flow. Future work
will focus on developing training modules that replicate pulse
haptics associated with various physiological conditions, such as
diabetes.

Index Terms—Pulse palpation, pulse force, Subblescope,
Hydro-electromagnetic actuator, Robotic indentation, UR3e.

I. INTRODUCTION

ULSE palpation is a tactile examination technique that
involves the use of fingers through both prehensile (grasp-
ing) and non-prehensile (pushing) movements [1]. It enables
physicians to assess cardiovascular dynamics by evaluating
pulse rate, variability, amplitude, and width [2]. Beyond these
metrics, haptic cues, such as force feedback from the artery
and oscillations of the arterial wall, also hold physiological sig-
nificance during palpation. Palpation may involve one or more
fingertips, depending on the clinical context. Physicians often
examine multiple anatomical sites and arteries—including the
carotid, radial, brachial, and femoral—to assess the patient’s
condition [3]. Changes in the aforementioned pulse parame-
ters are influenced by several physiological factors, including
blood composition, ventricular contraction, valve function, and
vascular stiffness.
Pulse assessment techniques can be broadly categorized into
contact and non-contact methods. Non-contact methods are
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typically based on optical or radar sensing principles, which
primarily capture one-dimensional characteristics of the pulse.
Optical sensing techniques include photoplethysmography [4],
fiber Bragg grating sensors [5], and binocular vision tracking
of marker displacement on a deformable diaphragm [6].
Radar-based systems utilize radio frequencies to measure the
temporal phase difference between transmitted and received
signals from the body surface, particularly the arm [7]. In
contrast, pulse assessment through isometric contraction of
the artery during palpation provides a different approach.
It allows for the detection of localized flow variations.
As blood flows through a converging-diverging arterial
segment—modeled as an elliptical channel. This mechanical
deformation of the artery during palpation may enable the
generation of spatial force maps, offering a more detailed
physiological representation of the arterial pulse.

Recent efforts in arterial palpation training during surgery
have utilized virtual reality (VR) and augmented reality
(AR) platforms, where various pulse types are simulated on
manikins [8], [9]. However, accurately replicating pulse vari-
ation through palpation in VR and AR environments requires
a clear understanding of force magnitude, distribution, and
actuation mechanisms. One such system, PalpSim, integrates
palpation physics into a VR setup using two Falcon force-
feedback devices connected by a silicone tray housing tactile
actuators. This configuration simulates the palpation of the
femoral artery [10]. In PalpSim, increased actuator displace-
ment corresponds to a stronger pulse sensation, and vice versa.

The wearable Hap-Pulse glove employs three linear
resonant actuators (LRAs) with a natural frequency of 175 Hz
to simulate four pulse types, differentiated by pulse width
in ms [11]. Although the glove produces a unidirectional,
modulated pulse waveform that allows users to perceive
both the signal envelope and vibration, its feedback is
limited to a single direction. Existing pulse simulators mainly
employ single-point tactile actuators based on piezoelectric,
capacitive, pneumatic, or electromagnetic principles. These
devices typically deliver only unidirectional force feedback,
overlooking the tangential forces generated by longitudinal
arterial wall motion (LWM)—a known independent predictor
of cardiovascular morbidity [12]. Additionally, transverse
wall oscillations (TOs), which may correlate with pulse
wave velocity (PWV), are influenced by arterial stiffness and
provide further diagnostic value [13]. High-fidelity replication
of pulse palpation requires fluid-based actuators capable of
delivering multi-directional force interactions at the palpation
site. These actuators incorporate both longitudinal wall
motion (LWM) and transverse oscillations (TOs) into the
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haptic feedback system to accurately simulate physiological
conditions. During arterial palpation, the fingertips perceive
both force and motion, making it essential to consider the
perceptual thresholds of these stimuli.

This study focuses on the force perception threshold, as
the sensor employed is calibrated to measure forces resulting
from deformation fields under both normal and shear loading.
The Weber fraction for force perception ranges from 10% to
45% for reference forces between 1.5N to 3.5 N, across both
passive and active interactions at the index finger, thumb,
and upper arm regions [14]. As such, the haptics of pulse
palpation involves three-dimensional force input from arterial
pressure and wall motion in response to finger-induced
deformation—an aspect that remains underexplored in the
current body of literature.

1) Force perceptual threshold: The physical stimulus space
comprises haptic parameters encompassing both kinematics
and kinetics. Mapping these parameters into perceptual space
is quantified by the absolute threshold and the Weber fraction,
also known as the Just Noticeable Difference (JND) [14].
Among these measures, the force perception threshold (FPT) is
critical for designing sensor-actuator systems in pulse haptics.
One study measures the force threshold using a two-interval
force choice (2IFC) method, applying force via Weinstein
nylon filaments ranging from 0.0045g to 447 g (0.04mN to
4.3mN). The absolute threshold is found to be 0.14 mN for
young participants and 0.6 mN for older participants [15],
with a detection probability of 0.5 attributed to the manual
application of the filaments. The relevant pulse frequency band
lies between 0.5 Hz to 10 Hz [16], within which the absolute
force threshold for the index finger is approximately 19 mN
[14]. Spatial summation effects reduce the force perception
threshold to 28.9 mN when force feedback is delivered through
a multi-finger haptic device (MFHD). However, the absolute
thresholds for individual fingers vary, with the index, middle,
pinkie, and ring fingers registering thresholds of 33.5mN,
32.1mN, 33.5mN, and 43.6 mN, respectively. Collectively,
the literature indicates that force inputs exceeding approxi-
mately 19 mN are generally perceivable by the fingertips.

II. RELATED WORKS

The fundamental method for generating an arterial pulse
involves the reciprocation of a diaphragm. The diaphragm’s
movement is controlled by various actuation mechanisms,
detailed as follows:

« Electromagnetic: A solenoid activated by electric current
generates an electromagnetic field that interacts with
nearby magnetic fields, producing a Lorentz force that
displaces the plunger perpendicular to the magnetic field
[17].

o Electrostatic: The Coulomb attraction force between
oppositely charged parallel plates subjected to kilovolt-
range voltages is expressed as F' = %, where A

is the electrode area, V' the applied voltage, and z the

electrode separation [18], [19].

o Voicecoil: An electric current supplied to the coil gen-
erates sound waves that interact with the diaphragm to

produce the desired tactile pulse characteristics [20].

o Linear Resonant Actuators (LRAs): LRAs operating at
a resonant frequency of 175 Hz generate pulse-modulated
waveforms with diverse morphologies, varying widths,
and pulse rates [11].

o Piezoelectric: Application of an electric field to a piezo-
electric disk attached to the diaphragm produces actuation
forces with rapid response times [21].

o Pneumatic: Compressed air directed through valves in-
flates the diaphragm, delivering tactile feedback to the
fingertips [22].

o Thermopneumatic and Shape Memory Alloy (SMA):
Internal heaters transfer energy to air, causing expansion
and diaphragm deformation to generate pulses [23]. SMA
heating induces alternating diaphragm deformation to
produce pulsatile effects [24].

o Magnetohydrodynamic: Conductive or magnetorheo-
logical fluids are actuated by orthogonal magnetic and
electric fields to simulate pulses [25], [26].

o Hydraulics: Stepper motors actuate pistons within fluid-
filled chambers, generating pulses in silicone artery phan-
toms [27], [28].

o Cam System: A triple cam mechanism, driven by three
stepper motors operating with phase differences, modu-
lates compressed air to replicate forward, first reflected,
and second reflected arterial waves corresponding to
different age groups [29].

« PHANTOM Omni: The Phantom Omni device produces
pulse forces ranging from ON to 1.0N at 40-160 beats
per minute, with the end effector positioned within a
manikin hand [30].

e Mock Circulatory Loop (MCL): The MCL, used for
cardiac assistance and vascular disorder testing, generates
pulses in silicone elastomer phantoms via pneumatic
ventricular chamber actuation [31], [32], spring-coupled
piston-cylinder systems [33]—-[35], pulsatile pumps [36],
and compliance chambers filled with air and circulating
fluid [35].

Despite the variety of existing methods, electromagnetic
actuation remains the predominant approach for generating
human-like pulses, primarily due to its compactness and
ease of integration within manikins. Most mock circulatory
simulators maintain ventricular compliance by regulating
air pressure. However, pneumatic actuators described in the
literature often fail to replicate pulse dynamics analogous to
blood flow, largely due to differences in fluid viscosity. Cam-
based simulators require multiple cam profiles to reproduce
the full spectrum of pulse-wave morphologies. Furthermore,
the majority of actuators focus on force and displacement
along the vertical axis, despite blood pressure exerting forces
in transverse and longitudinal directions as well.

Consequently, haptic interaction with an artery involves
forces along radial, transverse, and longitudinal axes. This ne-
cessitates a haptic sensor capable of measuring pulse forces in
all three directions, alongside a pulse actuator to validate these
forces during palpation. To address this, we have developed a
sensor-actuator system designed to evaluate force interactions
during arterial palpation. The sensor measures forces in three
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directions, while the hydro-electromagnetic actuator (HEMA),
inspired by designs from mock circulatory loops, generates
pulsatile forces for validation. The sensor-actuator system for
pulse recording and generation is well documented in the liter-
ature. However, the fundamental haptics of pulse palpation and
the quantification of palpation metrics remain insufficiently
explored. Most studies focus primarily on normal force feed-
back, which depends largely on arterial elasticity. In contrast,
shear forces are influenced by blood viscosity, which varies
with blood constituents and flow characteristics—parameters
critical to physiological function. Arterial wall oscillations
reflect the fluid—structure interaction; longitudinal wall motion
correlates with pulse wave velocity (PWV), while transverse
wall oscillations relate to vascular compliance.

This paper presents a conceptual framework, supported by
simulations and experiments, utilizing an in-house sensor-
actuator system to elucidate the fundamental pulse dynamics
during single-finger palpation. The study quantifies force
feedback along the X, Y, and Z axes in response to applied
forces or fixed indentations on the artery.

III. METHODS

This study investigates the effect of single-finger palpation
on various types of arteries. Force interactions along the
X, Y, and Z axes are examined for a fixed indentation of
1.0mm applied to arteries representing different vascular
properties, including soft and hard types. To facilitate intuitive
understanding, a two-dimensional mathematical model of
single-point palpation is introduced to characterize the
magnitude of reactive forces during palpation of flexible and
stiff arteries. Both simulation and experimental methods are
employed to analyze three-dimensional force interactions
during palpation on soft and hard arteries.

The tube law [37] is applied to estimate pressure distribution
within the palpated region, serving as a surrogate measure
for pulse wave velocity (PWV). Simulations use the arbitrary
Lagrangian-Eulerian (ALE) approach in COMSOL Multi-
physics 6.1 to capture fully coupled fluid-structure interactions
(FSI) [38]. The simulated force interactions inform the actuator
design by determining the total force required to sustain cir-
culation. Experimentally, a sensor-equipped apparatus records
the spatiotemporal force of the pulse. An in-house developed
hydro-electromagnetic actuator generates pulses within a
silicone artery to validate the sensor’s performance. Finally,
the sensor measures force directly from the radial artery of
human subjects, reflecting real physiological conditions.

A. Theoretical Analysis

1) Mathematical Background to Artery Palpation: The pal-
pation has a Gaussian-distributed force pattern, and the flow
inside the artery follows through a curved arterial segment.
The pressure difference along the curvature of the artery is
governed by the tube law [37]. The pressure difference at the
artery interface is due to blood flow (dP,) and pulse wave
velocity (dPp..) given by 1 and 2, respectively. The resultant
pressure change along the interface is given by equation 3.

d oP
Py = dpe + pac2§ + K, L do+ PrdK, (D)
dA Hb UfL dx

_ 2
APy = pU”— = — 55— )
dP = dFp + dP, 3)
Where c is the pulse wave velocity in m/sec given as ¢ =
n(a=") %, n=3%[37.K,= %, d is deflection of artery

segment due to palpation, [}, is the palpation force o = %

is the radial strain, d; is the initial diameter of the artery. The
pa =1160kgm3, p, =1050kg m? is the density of the artery
wall and blood respectively [39], iy = po * €™ L,m = 0.5
is the viscosity of blood as a function of radial strain rate
(e = log(1 4 «)) due shear thinning behavior (m < 1) [40].
The flow is laminar. Since the maximum Reynold’s number is
602.6, therefore the friction factor f; is given by fr = 11%—(2.
The artery wall is assumed to be uniformly supported by the
mean arterial blood pressure (MAP), which is 93.33 mmHg
for a standard systolic and diastolic pressure of 120 mmHg
and 80 mmHg, respectively. The mathematical representation
of artery loading through palpation is shown in Figure la.
The boundary effect lies between 0 mm to 0.105mm and
17.9mm to 18 mm; hence is not considered for the analysis.
The width of the artery is assumed to be unit, with thickness
(t =0.42mm [41] and modulus of elasticity is 0.505 MPa,
0.93 MPa for soft and hard arteries [42]. The mean diameter
of the radial artery is 2.79 mm [41]. The length of the palpated
artery segment is [, = 18 mm equivalent to the average width
of a human finger [43]. The palpation force has a Gaussian
distribution. Its magnitude has been modified for both soft
(Fartery = 8.5e — 5N) and hard (Fiyery = 17.8¢ — 5N) arteries
so as to have equal deformation given by equation 4, and the
effective reaction force at ‘A’ is given by expression 5.

_ Fartery 1 /x—-8 2
FP—TWXQQXP( 2( 5 )) 4
la
Ry— fO F,dx ~ Pmap X A, )

2 2

The moment at any cross-section X-X at a distance x from ‘A’
is given by 6.

l la
“ F, - -xdx
My =Raxz— / F,dx X(x—xc)xczfolpi
0 Jo" Fpda
(6)
The deflection of the artery wall is obtained using equation 7.
d%y
A2 (7)

The boundary conditions are the Neumann condition at z =
lo/2,.e % = 0, and the Dirichlet condition at x = 0 where
y = 0 to obtain the integrating constants. The analytical
method estimates the overall range of force interaction during
arterial palpation along the vertical axis. Forces along the
transverse and longitudinal directions are evaluated through
simulation. The resultant force obtained from the simulation
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(a) Artery Loading

(b) Simulation setup

(c) Boundary condition

Fig. 1: a.Mathematical representation of palpation on the artery in 2D b. Simulation setup of three-dimensional artery model including fluid as blood, solid
domains constitute the arterial wall, fat layer, and a single indenter. The dimensions are in mm.c. Velocity (orange) and pressure (blue) boundary conditions

at inlet and outlet, respectively.

is used to determine the maximum force the actuator must
generate to maintain pulsatile flow during palpation along with
inertia and compression forces.

2) Simulation setup: The FEA simulation analyses stress
distribution along the length and top surface of the artery
during single-finger palpation through FSI.

Geometry: The artery has a neck length (L ) of 46 mm [44]
with a palpable length of 48mm single indenter as shown
in Fig. 1b. The palpable length varies depending on finger
placement. The entry (Lg) and exit length (Lp) are 20 mm
each to obtain a fully developed flow by reducing the boundary
effect. Therefore, the overall length of the artery is 180 mm.
The diameter and thickness of the artery are described in
III-A1l. The indenter has a stepped cylindrical structure, as
shown in Fig. 1b.

Fluid Model: The fully coupled FSI of blood flow with the
palpated artery uses the arbitrary Lagrangian-Eulerian (ALE)
approach, thereby allowing the fluid mesh to update as per the
artery wall motion. The continuity and momentum equations
for the fluid are given by equations 8 and 9.

V.U =0 (8)

p(%—f +(UT.N)U) = Vp+ Vg )

Where p is the density of blood. U is the fluid velocity,
and U" is the relative velocity of a fluid with respect to
moving reference velocity. Blood is assumed to be homoge-
neous, incompressible, and Newtonian fluid. This assumption
is acceptable for vessel diameter exceeding 0.5 mm [45]. The
dynamic viscosity of blood at 37°C is 0.0045 Pas [46]. The
flow is laminar.

Structure Model: The hemodynamic forces cause displace-
ment in the arterial wall in response to the indentation. The
displacement is captured by the Lagrangian coordinate system
on the solid domain through the following equations 10, 11.

62 Usolid
ot?

V.05 = pa * (10)

(1)

Where 0;; is the solid stress tensor, E is the modulus of
elasticity of the artery wall, €, is the solid strain tensor, and p,

0i5 = Eﬁk-l

is the artery wall density (1160 kg m~2 [47]). The two domains
are coupled through compatibility and traction conditions [46].
The artery wall, fat domain, and fingertip have been modeled
as a hyperelastic material constraint with Yeoh parameters
as C1 = 0.084163MPa,Cy = —0.15575MPa, C5 = 0.1924
MPa respectively for the soft vasculature made up of Ecoflex
00-31 as shown in Fig. 2e. The true stress and stretch are
related by the following expression 12

1 2

2
2

+6*03()\2+)\—3>) (12)

The modulus of elasticity for small deformation during pul-

satile flow is given by equation 13 [48].

dO’t
E= T 0.505M Pa
The Yeoh material constants for the hard artery is C; =
0.15416MPa, Cy = —0.45575MPa,Cs = 0.5924 MPa re-
spectively, which results in modulus of elasticity of 0.92 MPa.
The fingertip has a tri-cylindrical stepped structure equiv-
alent to the skin layer, constituting the dermis, hypodermis,
and bone layer. The dermis layer has a diameter of 5mm
and height of 2mm. The hypodermis layer has a diameter of
7mm and height of 2mm. The bone layer has a diameter
of 12mm and height of 2mm. The dermis and hypodermis
have material similar to that of the fat domain. The bone layer
has a linearly elastic property with a density of 2000 kg m~3
Young’s modulus of 17.5 GPa, and a Poisson ratio of 0.3 [49].
Boundary Conditions: The inlet boundary condition for
the pulsatile flow is a time-dependent velocity, and the outlet
boundary condition is a time-dependent pressure, as shown in
Fig. 1c [46].

(13)

Assumptions in the model:

1) Fluid velocity at the tube walls is equal to the wall
velocity as the tube walls are not rigid.

2) The blood is a Newtonian fluid and incompressible

3) The artery walls and the indenter tip are homogeneous,
and the mechanical properties are the same as that of the
fat layer surrounding the artery to reduce the complexity
of varied mechanical properties for each layer.
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(a) Hydro-electromagnetic actuator (b) Palpation
(c) Mock vessel (d) Compression Test (e) Yeonh fitting
0 (r1p1)—5(1202)
250
Egzoo
%150 ’s‘ /
/s
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<
50 0 0.2 0.4
Time (s)
0 5‘0 160 15‘0 2(;0 250 360
Contour pixels
(f) Initial configuration  (g) Large Contour (h) Contour displacement (i) Radial Displacement

Fig. 2: a.Schematic representation of experimental set-up for generating the pulse and recording the pressure waveform from the single ventricle chamber,
the end of the arterial branch, and force from the test artery segment while palpated by the Subblescope attached to the UR3E b. Replication of palpation by
UR3E on the Synthetic artery made up of silicon rubber of Ecoflex 00-31 placed onto the silicon substrate. The artery and the substrate are manufactured by
the molding process. c. The mock vessel is encapsulated between the PLA enclosure and is actuated externally by the voice coil actuator. d. Compression test
of artery-making material made up of Ecoflex 00 — 31 silicon rubber specimen as per ASTM IV in micro-UTM at a rate of 6 mm min~!. e. Stress-stretch
curve and hyperelastic model (Yeoh) fitting to the experimental data, showing the modulus of the material as 0.505 MPa.f. The initial configuration of the
bubble in the elastomer. g. The large contour in the bubble. h. Graphical presentation of centroid movement and change in perimeter of the bubble. i. The
linear displacement of the perimeter.

4) The bone layer atop the indenter is linearly elastic. external force during palpation onto the artery walls is
5) Except for the bone layer, all the model parts are considered.
assumed to be hyperelastic to behave like tissue material, 7) The roller boundary conditions are applied on all the
with the same elastic constants as obtained experimen- surfaces except the top and side surface of the fat layer
tally. 8) The solid domain is isotropic and homogeneous

6) The body force is neglected, and only the effect of Model Tmplementation: We employ COMSOL 6.1 as
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a finite element solver to address the fully coupled fluid-
structure interaction on a desktop PC equipped with an Intel
Core 17-7700 CPU, 32.0 GB of RAM, and Microsoft Windows
11 64-bit. The automatic Newton method utilizes a PARDISO
solver with a relative tolerance of 0.001. The mesh is user-
regulated with free tetrahedral elements, featuring extra-fine
meshing for the fluid, artery wall, and dermis, while the other
domains exhibit finer meshing [50]. Boundary layers are im-
plemented in the fluid domain and its boundaries, utilizing two
layers and a stretching factor of 1.2. The comprehensive mesh
has 189,378 domain elements, 27,171 boundary elements, and
2,804 edge elements. The FSI employs the time-dependent
blood flow solution as the independent variable and the arte-
rial deformation resulting from indentation as the dependent
variable in the multiphysics coupling. The artery has been
compressed by the stationary movement of the indenter in the
z-direction by 1 mm. The time-dependent solver utilizes an
implicit backward differentiation formula (BDF) or the back-
ward Euler method for solving partial differential equations.

B. Experiment setup

The experimental setup consists of measuring pulse
dynamics using Subblescope [51] on the pulse actuator
system and radial artery of 18 participants as approved by the
Institutional Ethical Committee (IEC) of IIT Madras, with
the reference number (I EC/2023 — 03/M M /02/03).

1) 3D Pulse-force assessment by Subblescope: The
Subblescope measures both normal and shear forces through
the deformation of a bubble embedded within an elastomer.
A vision system captures the bubble’s deformation, which has
been calibrated against known normal and shear forces [51].
A pure normal force causes uniform expansion or contraction
of the bubble’s perimeter or radius, with the bubble’s centroid
remaining fixed. In contrast, an applied shear force at the
indenter induces a shear and bending moment at the indenter’s
base, resulting in an asymmetric deformation of the bubble.
This deformation shifts both the centroid and the contour
of the bubble, causing the radius to vary unevenly along its
periphery, as illustrated in Figure 3a.

Algorithm: The algorithm estimates the normal, radial,
and tangential forces by calibrating bubble deformation
against known normal and shear forces applied using a
Microtensile Universal Testing Machine (Instron-5948) on
the sensor [51]. The original, undeformed bubble perimeter
is shown in Fig. 2f, with its contour depicted in Fig. 2g.
The force determination procedure is detailed in Algorithm
1, accompanied by a graphical representation in Figs. 2h and
3a. Additionally, Fig. 2i illustrates the radial displacement
of the bubble during the initial phase, systole, and diastole
of a pulsatile artery. The bubble area correlates with the
normal force, while the maximum radial displacement and
its location, calibrated through shear force measurements,
correspond to the radial and tangential forces, respectively.

Algorithm 1 Normal and shear forces from the bubble defor-
mation

WHILE(i < FrameLength)
Converting to Gray image
Contrast enhancing by CLAHE
Thresholding between 120 to 255
Closing operation to fill discontinuity
Gaussian blurring
Edge detection by Sobel gradient
Contour detection
A, + area(contour)

de + +/(Contour, — z.)? + (Contour, — y.)?,
[peak,loc] + max(d,)
F.

L < f(Ac) + 1.364e— 9% A2 —0.000108 x A, +2.02
Fy < f(Tmaz) < 0.007031 % 7'pap — 2.25
Fp + f(T10¢) < —0.001037 % ry0. + 0.287

(a) Peripheral deformation
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Fig. 3: a. Peripheral movement of the bubble by normal, shear and
generalized loading conditions. Calibration curve for the b. normal, c. radial,
and d. tangential loading.

2) Hydro-electromagnetic pulse actuator: The pulse
simulator comprises five primary components: the mock
vessel (ventricle), voice coil actuator, arterial branch, artery
substrate, hydraulic circuit for high-fidelity pulse generation,
and a robotic arm equipped with a sensor for artery palpation.

The mock vessel is fabricated from silicone rubber with a
hardness of 25 A. The volume of the single chamber-ventricle
is 50 mL. The mock vessel is housed within a fixture that
contains the voice coil, as illustrated in Fig. 2c. A motor driver
with a microcontroller (Arduino Uno) actuates the voice coil
to have different stroke lengths and forces. The power supply
unit delivers 12V DC and a peak current of 0.32 A while
powering the voice coil. The stroke length is 6.0 mm, config-
ured to produce several pulse forms of differing magnitudes.
The experimental configuration has been evaluated using a
sinusoidal pulse at 1.8 Hz as the input. The hydraulic circuit
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consists of two one-way valves positioned at the inlet and
outlet of the mock vessel, a reservoir, and a submersible pump
with a power rating of 5W and a flow rate of 300Lh~!,
which corresponds to the typical cardiac blood flow rate. The
test artery segment measures 140 mm in length, excluding
the branched artery, possesses a thickness of 1 mm, which
falls within the human arterial thickness range of 0.45mm
to 1.25 mm [52], and has a diameter of 2.5 mm, which falls
within the range of 1.26 mm to 3.48 mm [52]. The material
consists of Ecoflex 00 — 31 silicon rubber, molded to achieve
a modulus of elasticity of 0.505 MPa under compression, as
depicted in Fig. 2e, which corresponds to the elastic modulus
of an artery, typically rkhamdaeng2012arterial. The modulus
of elasticity was experimentally determined during a uniaxial
compression test using the MicroUTM (Instron 5948), as seen
in Fig. 2d. The rigid artery is composed of 20A silicone
rubber. The artery is situated beneath the flexible substrate
composed of Ecoflex 00-31, which is imprinted with the
dimensions of the radius and ulnar bones corresponding to
the human hand. The pressure transducers are located in the
ventricular chamber and at the terminus of the arterial branch
to gauge the pressure. The artery is palpated using the in-house
designed force sensor, Subblescope [51], to measure the force
interaction from the artery during palpation, as seen in Fig.
2a. The Subblescope is affixed to the end effector of a UR3e
robotic arm to exert a consistent indentation of 1 mm on the
artificial silicon artery and the human radial artery to capture

the tactile characteristics of the pulse.
The experiment investigates artery wall motion generated

by the actuator, recorded through bubble deformation in the
Subblescope. Distortion of the bubble’s boundary and centroid
during pulsatile flow leads to spatial displacement of the pulse,
as shown in Fig. 2h. The actuator design is governed by
the magnitudes of several force components: the compression
force applied to the chamber (F;), fluid pressure force (F},),
inertial force from moving components (F3), and the resultant
force interaction during palpation (Fqi). The total force
required for effective pulse generation is expressed as: Fios =
F.+ F, + F; + Fyq1p. The mock vessel is constrained along
its periphery by a PLA enclosure, except at the front, where
a circular opening of diameter D = 20 mm allows plunger
access. Controlled motion of the plunger through this opening
compresses the vessel, thereby displacing the diaphragm to
produce a pulsatile flow. The plunger is fitted with a cylindrical
PLA plate of diameter d = 10 mm and operates with a stroke
length of 5.0 mm. As a result, the diaphragm undergoes a
deformation of w = 5.0 mm. The force required to produce
this deformation, Fy, is calculated using Eq. 14.
F,

B D?—dt( (1 1-v D' d
R 2 140 &
(14)

9 %\ 4

where Z is th(;, flexural rigidity of the diaphragm given
by Z = ﬁ}fﬂ), v = (.49 is the Poisson ratio of the
diaphragm. "h=3.0 mm’ and 'E = 0.92 MPa’ are the thickness

and modulus of elasticity of the vessel’s wall. The force
required to move the diaphragm by 5.0 mm is 2.7 N as per
equation 14. The water is circulated by the 5.0 W submersible
pump with a flow rate of 5L min"" or 8.33 x 107° m®s~",
considering a pump efficiency of 60%, the pressure difference
is g0 o = 35— ~36000Pa. Therefore, the force
from the fluid pressure onto the diaphragm is 2.82 N.

The inertial force from the moving parts is Fj,; = M.Amaz,
m is the mass of the moving parts as 1.1kg and the max-
imum acceleration (@) is w * w?. The frequency of the
pulse can go to a maximum of 3.3Hz [53] considering the
fibrillation condition. Therefore, the inertial force becomes
Fint = M.lynar = 1.1 % (27 % 3.3)%2 x 0.005 =2.36 N.

The Fq1, needs to be calculated from the simulation while
indenting the artery by 1.0mm. The viscous force can be
neglected compared to the inertia and hydrodynamic forces.
Hence, the total force is the sum of all these forces, which
turns out to be 7.88 N except the F},,;,. Hence, the voice coil
selection is based on the stroke length of 5.0 mm and twice
the calculated force of 7.88 N for pulse actuation. The CVC
40-HF-6.5 satisfies these specifications with a stroke length of
6.5mm and continuous force rating of 45.5N.

3) Measurement from the real arteries: The structural
complexity of the artery and its surrounding connective tis-
sues results in equally complex force interactions during
palpation. To capture these interactions, this study includes
force measurements from the radial artery of eighteen human
participants (aged 30 & 6 years). The Subblescope sensor is
mounted on the end effector of a robotic arm, which applies
a fixed skin indentation of 3 mm to access the artery. Pulse
signals are recorded continuously for 60 s for each participant.

IV. RESULTS

The results analyze the force range at the top surface of the
indenter tip during palpation evaluated through analytical and
experimental approaches.

A. Force interaction from mathematical model

The mathematical model delineates the extent of the de-
flection profile of the artery in relation to the Gaussian load.
The deflection of both soft and hard arteries is standardized
by adjusting the peak applied force, as seen in Fig. 4a.
The reactive force from the artery is assessed based on the
boundary velocity and pressure values at the inlet and outlet,
respectively. The soft artery deforms more than it resists the
pulsatile flow; hence, the reactive force derived from the fluid
pressure variation is 39.4 £ 2.3mN. Conversely, a rigid artery
exhibits increased resistance to flow, yielding a higher force
feedback of 128.6 + 2.2mN, as illustrated in Fig. 4b. The
greatest force resulting from arterial palpation, considering
various elastic moduli of the artery from 0 MPa to 2 MPa,
is 2.5N as seen in Fig. 4d. Consequently, the design of the
sensor must accommodate a force range of 3N with a reso-
Iution of 10 mN. Basic mathematical analysis conveys haptic
information solely through the normal applied and reactive
forces. The mathematical determination of forces related to
wall motions induced by Rayleigh waves with pulsation [54]
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Fig. 4: a. The deflection of the soft and hard arteries by the Gaussian loads on top of the artery wherein the diameter reduces gradually from 2.79 mm to
2.02mm at the center of the artery. b. The reactive force from the artery along the length of the palpated length for different boundary conditions as per 1c
at 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9 and 1s, ¢. The box plot of maximum reactive force for soft and hard arteries. d. The increase in force feedback
with a rise in modulus elasticity of the artery.e. XZ-cross section of the artery while palpating through the indenter, showing the deformation and Von Misses
stress of the artery at the palpation zone and the traction at the top surface of the indenter. f. The interactive force along X, Y, and Z axes for soft and hard
arteries. g. The range of the forces depicted in the box plot. h. The range of resultant force for soft and hard arteries.

is complex; thus, they are investigated using simulation and
experimental methods in the following sections IV-B, IV-D.
B. Force interaction in simulation

The artery exhibits an elliptical deformation upon palpation.
Consequently, the contact surface of the indenter tip exhibits
traction along the X, Y, and Z axes, as illustrated in Fig. 4e,
Consequently, traction along the Z-axis refers to normal force,
while traction along the X and Y axes refers to shear forces.
The hard artery exhibits a higher force interaction along tri-
axial directions compared to the soft artery in Fig. 4f, which
accounts for the elevated pulse wave velocity (PWYV) in rigid
arteries [55]. The forces along the X, Y, and Z axes are 11.22+
10.13mN, 11.16 £+ 6mN, and 29.24 4+ 15.04mN for the soft
artery, respectively, whereas they are 11.814+7.42mN, 19.33+
10.51mN, and 57.2 + 30.47mN for the hard artery, as shown
in Fig. 4g. The magnitude of normal force interaction is higher
than the shear force interaction. The range of resultant force
interaction from the simulation is 42 £+ 18mN and 81 +40mN
for soft and hard arteries, respectively, within a single pulse,
as shown in Fig. 4h. An elevated PWV is often associated
with increased blood pressure [56]. A comparable effect is
observed in hard artery palpation, where the force components
along the X, Y, and Z axes surpass those of soft vasculature,
as illustrated in Fig. 4g. The resultant force feedback obtained
from simulation aligns closely with the analytical solution.

While the mathematical and simulation models treat vascu-
lature as elastic and hyperelastic materials, respectively, real

vascular tissue exhibits considerably more complex biome-
chanical behavior. To address this discrepancy, we conduct
experimental analyses using the Subblescope [51] on synthetic
soft and hard arteries, as well as on the radial artery of human
participants, to obtain empirical measurements of force and
deformation during palpation.

C. Force interaction from arteries during experiment

The pressure from the transducers in HEMA, connected to
the mock vessel and at the end of the soft artery, records
between 72.84 mmHg to 108.62 mmHg as shown in Fig. 5a.
The phase delay between the two pulse waves is 25.4°. The
force interaction measured for the hard silicone artery exceeds
that of the soft silicone artery along the radial (F7,), tangential
(F), and longitudinal (F},) directions. However, the variability
of these forces is lower in the hard artery, as shown in Fig.
5d. The force along X, Y, Z for the soft artery is 48 + 8
mN, 46 4+ 14 mN, 390 4+ 6 mN respectively. Similarly, the
force interaction for hard artery is 81 & 6 mN, 83 £ 5 mN,
496 £ 3 mN respectively. The force map for soft and hard
arteries is constructed from the relative magnitudes of forces
along the three axes from the sensor as shown in Fig. 5b,
5c. The force map has been plotted from the force data for
60s during pulsatile flow by the HEMA. These spatial force
distributions can potentially serve as diagnostic indicators for
vascular pathologies.
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of two typical subjects, wherein subject-2 has the higher arterial hardness.

The force interaction measured experimentally using HEMA
is higher than that predicted by theoretical models. This
discrepancy is primarily due to force dissipation through the
hypodermis in simulations and the exclusion of inertial effects
in the mathematical model. Additionally, in the experimental
setup, the indenter is in direct contact with the artery, with no
intermediate tissue layer, enabling direct observation of shear
components arising from fluid-structure interaction. Attempts
to replicate this configuration in simulation result in non-
convergent solutions due to inconsistent contact between the
cylindrical indenter and the circular artery. This issue is further
examined in the subsequent section on force recording from
the radial artery in human participants.

D. Force interaction from real arteries

The forces from the artery transmit through connective tis-
sue around it before reaching the indenter tip of the sensor. The
thickness of the connective tissue varies across the subjects and
hence the transmitted force. The force map of a typical subject
has been shown in Fig. Se. The average force values for 60 s of
the participants are used for getting the force ranges. The force
ranges are 32.0£6.0 mN, 47.0+37.0 mN, and 219.0+100.0
mN along the X, Y, and Z axes, respectively, as shown in
Fig. 5f. The variability of longitudinal, transverse, and radial
forces (normal force) is in increasing order, depicting higher
arterial oscillations along normal directions than the tangential
directions. The force map of a single pulse of two participants
having ages 25 and 35 years has been shown in Fig. 5g,

depicting the effect of age-related stiffening of the artery with
a significantly (p < 0.05) higher systolic and diastolic force.
Furthermore, the force distribution is not symmetric, and such
a map may introduce components of pulse wave velocity, not
only along the longitudinal direction but also along a trans-
verse direction, which has not been explored in the literature.

V. DISCUSSION

The haptics of pulse palpation are governed by the interac-
tion between the externally applied force and the internal blood
flow dynamics within the arteries. This interaction induces
radial, axial, and tangential stresses, as well as arterial wall
motion, resulting from intraluminal pressure and wall shear
stress [57], [58]. The magnitude of the perceived force is
also influenced by the external palpation force at which the
intravascular pressure reaches its peak, corresponding to the
most distinguishable point on the pressure-strength curve [59].

Additionally, artery palpation enhances the complexity
of force interaction due to the pulsatile flow through a
converging-diverging elliptical channel, introducing geometric
non-uniformity and asymmetry. The wall shear stress and its
spatial asymmetry increase with the degree of ellipticity (¢)
[60], and they vary with angular position along the arterial
wall. This variation has the potential to produce distinctive
spatial force maps, offering valuable physiological insights
and potential diagnostic markers.

The force and deformation are complementary to each
other, and at an instance, either the force or the deformation
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TABLE I: A comparison between reactive force (mN) from the palpated artery in literature and this study

Metrics Physiological Significance Literature Analytical Simulation Experiment Real artery

F, (mN) blood pressure, heart rate, vascular tone, | 45.5 to 409.53 | 37.3 to 130.36 19.3 to 85.25 385.18 to | 139.2 to 300.0
wall thickness, arterial stiffness [12] [61] 500.0

Fy (mN) Endothelium dysfunction, permeability, | 20 to 60 [57] - 6.9 to 29.09 36.78 to 88.01 13.54 to 86.41
lipo protein accumulation [65]

F, (mN) Shear force from axial blood, and | 32.7 to 81.7 | - 5.46 to 19.03 40.64 to 87.85 26.06 to 39.75
wall stress [63] depends on their con- | [64]
stituents, shear dependent thrombsis
[66].

can be recorded. The normal force interaction depends on
the blood pressure of the fluid. During robotic indentation
at three consecutive locations on the radial artery, there is a
pressure distribution varying from 0.02 to 0.18 psi [61] during
pulsation, which corresponds to a normal pulse force (F))
of 45.5mN to 409.53 mN, assuming a contact area of the
fingertip as 0.000 33 m? [62]. The axial force (F,) arises due
to axial stretch, which is essential to maintain the structural
and functional integrity of the artery during blood flow [63].
The axial force is the summation of the force due to axial
stretch and wall shear stress (WSS). For a passive artery with
a radius of 1.3mm and a stretch in the range of 1.5 to 1.8,
the resulting axial force ranges from 20mN to 60 mN [57].
The wall shear stress (WSS) during artery constriction varies
between —30 to 120.0 dyne/cm? [58]. Consequently, the
axial force due to WSS varies between —1 mN to 4 mN.

The transverse force depends on the circumferential stress
(0g). The incremental oy in the artery varies between 8 kPa to
20 kPa across the aspect ratio (7, a, b = major, minor-lengths)
of 1 to 3 [64], which corresponds to a force of 32.7mN
to 81.7mN for the radial artery. The significance of these
force components is discussed in Table I, which includes a
comparative analysis of the palpation-force metrics between
the literature and this study. The force ranges presented
in the table are derived from the interquartile range (IQR)
of the data. The forces evaluated both theoretically and
experimentally fall within the range of forces reported in
the literature and are predominantly greater than the just-
noticeable difference (JND) of the fingertips. Most existing
studies focus primarily on the theoretical analysis of stress
developed in the artery due to blood flow, particularly under
pathological conditions. However, there is limited literature
addressing the comprehensive force interactions exerted by
arteries in directions other than the radial direction.

A. Clinical Significance

Forces arising from arterial wall motion have significant
clinical implications for cardiovascular diseases (CVDs) and
vascular disorders [67]. These forces are intrinsically linked
to cardiovascular dynamics; therefore, any physiological al-
teration can modify the force vectors within the artery. The
haptic perception involved in pulse palpation depends on the
sensitivity thresholds of physicians’ fingertips. Specifically, the
radial and circumferential forces in the artery correlate with
parameters such as blood pressure, intima-media thickness
(IMT), and arterial wall stiffness, often quantified by pulse
wave velocity (PWV). Additionally, wall shear stress (WSS)

has been associated with conditions including diabetes, kidney
disease, atherosclerosis, endothelial permeability, and stenosis
[68]. Recent advancements in prosthetic fingertip sensors have
resulted in enhanced force sensitivity surpassing that of the hu-
man fingertip [69]. However, these sensors tend to saturate un-
der applied forces, which limits their ability to detect reaction
forces from the pulse with high precision and resolution at the
millinewton scale. Consequently, the development of sensors
capable of bidirectional force sensing is essential for generat-
ing accurate force maps across various arterial structures.

B. Limitations and future work

This research aims to quantify haptic cues in terms of
three-dimensional force interactions during pulse palpation to
support the development of sensor and actuation systems for
physician training. The magnitude of force feedback obtained
from simulations is relatively higher than that observed in vivo,
as the sensor maintains direct contact with the artery, enabling
more efficient force transmission with minimal dissipation. In
the mathematical analysis, only the palpated segment of the
artery is considered, since including the entire arterial length
would unnecessarily complicate the model without signifi-
cantly affecting the results. The outcomes of the mathematical
analysis correspond closely with experimental findings. It is
important to note that the mathematical model does not ac-
count for deformation of the artery’s bottom layer during pal-
pation. In practical scenarios, when the fluid is confined, it ex-
erts force on the bottom layer of the artery, inducing bending.
This bending effect has been examined in both the simulation
model and experimental investigations. The experimental setup
may be enhanced by incorporating an anemometer to measure
fluid velocity. The hydro-electromagnetic actuator (HEMA)
employed produces precise force feedback comparable to that
generated by human arteries. Therefore, fluid-based haptic
actuators demonstrate advantages over alternative actuation
methods for pulse palpation applications. The magnitude of
force generated by HEMA at varying plunger velocities has
yet to be fully evaluated. A comprehensive characterization
of the actuator’s capacity to reproduce diverse pulse profiles
for training purposes will be undertaken in future work.

VI. CONCLUSION

The fingertip perceives not only normal force feedback
but also shear force feedback along the transverse and
longitudinal axes during palpation. The overall magnitude of
force increases with arterial stiffness; however, the variability
in force (represented by the area of the force map) decreases.




TRANSACTIONS ON HAPTICS, VOL. XX, NO. XX, JANUARY 2025

IEEE Transactions on Haptics (ToH) paper, presented at ICRA 2026, Vienna, Austria. Cite as ToH paper.

Therefore, effective pulse actuators must incorporate both
normal and shear force feedback to accurately simulate the
pulse, necessitating the use of fluid-based actuation systems.
In this study, the hydro-electromagnetic actuator successfully
generates the tactile patterns of pulse palpation observed
using the Subblescope. The sensor-actuator system developed
for pulse palpation training and remote diagnosis depends on
precise detection and delivery of haptic feedback. This haptic
information includes both tactile and kinesthetic components.
The kinesthetic feedback facilitates prehensile movements of
the artery, while the tactile feedback encompasses dynamics
of the artery in synchrony with the pulse. The Subblescope
effectively detects both normal and shear forces from the
pulse in synthetic arteries and radial arteries of participants.
Further research is necessary to investigate the shear and
normal force components under turbulent, non-Newtonian
blood flow conditions. Additional testing and iterative
refinement are required to validate the effectiveness of the
haptic sensor-actuator system under pathological conditions.
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