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ABSTRACT
This paper describes the development of an opto-physiological

model of a finger in conjunction with a ring-type
photoplethysmography device (the Ring Sensor). This model is a
combination of an optical model, a mechanical model, a skin capillary
model and the arterial wall dynamics. It describes the
photoplethysmographic effects due to the relative displacement and
rotation of a finger to a ring-type opto-electric device that monitors the
arterial pulsation noninvasively and continuously. Numerical
simulations and experiments were conducted to verify and evaluate
this model. This model can be used for optimizing design parameters
of the ring device to obtain optimal pulse signals and to minimize the
influence of noise caused by the displacement of the finger.

INTRODUCTION
Finger photoplethysmography is a technique of noninvasively

monitoring the arterial pulse of an individual that offers remarkable
convenience and advantages. By integrating the technique with
microelectronics and communication technologies, a miniaturized
telemetered photoplethysmograph in a ring configuration has been
developed by the authors [1] [2]. This device captures the pulsation of
the arterial blood flow which is the AC part of photoplethysmography.
The Ring Sensor, aiming at providing quality home healthcare, can be
worn by the patient twenty-four hours a day. This is a unique form of
wearable sensors and, probably, the only thing that the majority of
people will accept wearing at all times. Real-time, continuous
monitoring with the Ring Sensor allows not only for emergency
detection but also for long-term monitoring of otherwise difficult and
noncompliant patients such as demented elderly people. However, as a
wearable ambulatory sensor, the Ring Sensor is inevitably subject to
measurement noise due to the everyday activities of a patient.
Especially, the relative displacement and the rotation of the sensor
probe to the finger is the major cause of loss of accuracy, and a
common problem for all other photoplethysmographic sensors such as
pulse oximeters. The objective of the paper is to quantify the

mechanism of the motion artifact of finger photoplethysmography
based on an opto-physiological model of the finger and to facilitate the
development of the Ring Sensor which is less affected by the relative
displacement of the finger to the ring.

There have been many attempts to analyze and reduce the
influence of motion on the photoplethysmography. Many researchers
attempted to quantify the movement artifact in pulse and oxygen
saturation measurements [3][4], and some researchers have used
advanced filtering techniques such as adaptive noise canceler to reduce
the impact of motion [5]. However, those attempts did not help
understand the nature of the motion artifact since they were based on
the input-output matching approach using signal processing techniques
without an in-depth understanding of the physiological effects of
movement. Thus, it was not possible to conduct an optimization of the
design parameters of the device for the best quality of measurement
depending on those methods. In terms of modeling of
photoplethysmography, Higgins, J. L. and Fronek, A. derived a
mathematical formulation of reflectance photoplethysmography to
evaluate the relationship between skin reflectance and skin blood flow
[6]. However, their model was based on the modeling of cutaneous
blood flow and does not account for the influence of arterial blood
flow on the photoplethysmography.

In this paper, we first examine and categorize a variety of
movements that influence photoplethysmographic signals of the Ring
Sensor. To articulate and analyze the influence of each movement, we
build a mathematical model of the finger photoplethysmography. The
main feature of the model is the integration of multiple domains such
as the ring mechanics, finger tissue kinematics, digital arterial wall
dynamics and biomechanical optics. Especially, the nonlinear behavior
of the arterial wall to external pressure, which is the basis of the
oscillometric method of blood pressure measurement, is intensively
addressed. Also, the optical property of the finger tissue is profoundly
discussed. The resultant opto-physiological model of the finger and the
Ring Sensor allows simulation of the influence of mechanical
displacement of the finger on photoplethysmographic signals.
Extensive simulation is conducted and the numerical results are



compared with the experimental data for the validation of the model at
the end.

APPROACH
One of the most important issues of wearable sensors is the

reduction of noise caused by motion artifacts. Many kinds of motion
artifacts such as fast and vivid motion of the finger, static relative
displacement, and rotation of the ring relative to the finger can
interfere with the measurement of the Ring Sensor. However, since the
Ring Sensor is mainly to be worn by elderly patients and potential
patients of cardiovascular disorders, it is reasonable to assume that the
static displacement or rotation of the ring is dominant over fast
movements with large accelerations. For example, if any external
static force is applied to the ring so that the center point of the ring
deviates from that of the finger, the photoplethysmographic signal will
change. The rotation of the ring around the finger will also cause a
change in the signal. A mathematical model of the finger and the ring
will be very useful in understanding and analyzing the variation of the
photoplethysmographic signal due to the displacement and the rotation
of the ring. This model has to integrate all of the optical, mechanical
and physiological properties of the Ring Sensor. In other words, the
optics of the finger tissue and blood, finger tissue kinematics,
geometry of the ring, and dynamics of the arteries and the capillaries
must all be incorporated into one model to describe the
photoplethysmographic behavior. Especially, the dynamics of the
arterial wall should be modeled carefully since the compliance of the
arterial wall exhibits nonlinear behavior [7]. The modeling of the
optical properties is another point that has to be dealt with great care.

Fig. 1 shows a cross-sectional view of the finger. The cross
section of a finger is assumed to be a circle when there are no external
forces. There are two digital arteries in the finger, and they are both
positioned at a distanceh0 away from the center of the finger. The
tissue is considered as compliant material with stiffnesskt. There is
also a layer of capillaries of thicknesst beneath the skin. To alleviate
sensitivity of the photoplethysmographic signal variation due to
movement of the finger, a compliant material of stiffnesskb is attached
inside the solid ring. A light source (LED) and a photodetector are
located on the compliant material inside the solid ring. When any
external force is applied to the ring, it moves in a certain direction at
an angleα by a certain relative displacementd. Because of this
movement, the pressure at contact point increases and the relative
locations of the digital arteries to the optical elements (LED and

photodetector) change, which leads to variation in the
photoplethysmographic signal. At the same time, deformation of the
finger surface occurs and the cross section of the finger is no longer a
circle. Due to this deformation of the tissue, the pressure applied to
each of the two digital arteries also changes, which results in a change
in the volumetric pulsation of the blood vessel. In addition, the volume
of capillaries also change due to the change of the pressure. The
capillaries occlude more easily than digital arteries since the internal
pressure of the capillary is much lower than that of the arteries. In this
model, the occlusion of the capillaries is represented as the decrease of
effective thickness of skin capillary layert. The pulsating signal of
photoplethysmograph is caused by the volumetric change of the digital
arteries and capillaries due to the change of the blood pressure.

MODELING

Optical Model
The light emitted from the LED passes into the tissue and the

number of the paths of photons is almost infinite, which makes it
difficult to obtain a good optical model. The light absorption, multiple
scattering, and diffusion processes all occur at the same time. It is
known that the average photon migration path in the tissue is a banana
shape. Assuming that the tissue is optically homogeneous, the cross
section of a finger can be divided into three regions : tissue, two digital
arteries, and capillaries. The blood that flows in the arteries has
different optical properties from those of the tissue. Looking at the
cross section of the finger, it is possible to consider the digital arteries
as two circular regions with different optical properties from the
surrounding material. Using the analogy with electrostatics, the photon
flux density at the detector can be expressed as a function of the
positions of the two arteries, radii of the arteries, the position of the
photodetector, and the optical properties of the tissue and the blood.
Feng, S., Zeng, F., and Chance, B. derived an analytical formulation of
the photon path distributions in the presence of a spherical region with
different absorption and scattering properties from the surroundings in
semi-infinite geometry [8]. Fig. 2 shows the geometry of the light
source, the photodetector, the arteries and the capillary layer. The light
source is in the steady-state condition (constant source intensity of
light S0) and is located at the originr0=(0,0) of the x-y coordinate. The
photon flux density at the detector which is located atr d=(l,0) is
denoted asJ. Although the LED and the photodetector are placed

Fig. 2 : Optical model of the finger and optical
elements. Blood vessels have different optical
properties from the tissue
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along a circular ring surface, it is assumed that they are located on a
straight liney=0. This assumption is valid as long asl is much smaller
than the internal perimeter of the ring. As the light emitted from the
source passes through the capillary layer of effective thicknesst
beneath the skin, the intensity decreases toS0’ due to the absorption by
the blood in the capillaries. This absorption process follows the
Lambert-Beer law. The scattering effect at the capillary layer is
neglected since the thickness of the capillary layer is considerably thin
(t ~ 0.1 mm or less). The light of intensityS0’ which has passed
through the capillary layer is injected and diffused into the tissue. The
photons must pass through the capillary layer once again before it
reaches the photodetector. The density of the photon flux entering the
capillary layer is denoted asJ’ and it decreases by absorption process
as the light goes through the capillary layer, resulting in a final photon
flux densityJ at the detector.

In the analogy with electrostatics, the arteries are similar to the
dielectric material in the electrical field. Noting the presence of two
digital arteries which are located atr1=(x1 ,y1) andr2=(x2 ,y2) with radii
of Rr1 andRr2 respectively, the relationship between the light intensity
S0’ (after passing through the capillary layer) and the photon flux
density J’ at the detector (before crossing the capillary layer) is
described as follows.
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where the coefficients A and B are given respectively,
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aµ : Absorption coefficient of tissue

'sµ : Transport scattering coefficient of tissue

aµ~ : Absorption coefficient of blood

'~
sµ : Transport scattering coefficient of blood
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Detailed derivations of Eqs. (1)~(9) can be found in [8].
The absorption process of the capillary layer defines the

relationship betweenS0 andS0’ .

( )tSS aµ~exp' 00 −= (10)

The final photon flux density is also obtained by the similar
equation.

( )tJJ aµ~exp' −= (11)

As the absorption coefficient of blood is larger than that of tissue,
the DC value ofJ increases as the two arteries are located farther from
the origin, since more photons reach the detector without passing
through the digital arteries. It is also natural thatJ increases as the
radii of the arteries decrease. However, the amplitude of the AC
component ofJ decreases as the distance of the arteries from the origin
increases, since the change of the diameters of the arteries (which
eventually results in the change of the extent of photon absorption) at
distant locations does not give significant influence on the photons that
reach the detector.

Tissue Mechanical Model
The initial shape of the ring is shown in Fig. 3(a). The LED and

the detector are placed such that their mid-point is at an angleq1 (rad)
from the horizontal axis, and both the LED and the detector are at an
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Fig. 3 : (a) Initial state of the ring with LED and
photodetector (b) When the finger moves in the ring
(Finger tissue is deformed.)



angleq2 (rad) from the radial line that intersects the mid point. As the
finger moves inside the ring, the pressure at the contact point increases
and both the finger tissue and the compliant material inside the ring go
through deformation. This is shown in Fig. 3(b).

O is the center of the ring andc is the reference point (initial
center pint) of the finger located at the bone. As the reference point of
finger moves by displacementd at an angleα,. the distancer
(represented as a function ofγ) from the reference point of the finger
to the skin changes from its initial valuer0. At the same time, the
compliant material inside the ring also deforms and the distanceR
(represented as a function ofθ) from the center of the ring to the ring
inner material also deviates from its initial valueR0. Denoting the
pressure at the contact asP, we can get the force equilibrium equation,
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wherekt is the stiffness of the finger tissue andkb is the stiffness of the
compliant material inside the ring. From Eq. (12), we can get the
following relationship.
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From the kinematics of the tissue, we can also get the following
equations.
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( )( )γαπ −−−+= cos2222 rddrR (15)

Combining Eqs. (13), (14), and (15), the information about the
deformation of the finger tissue and the ring inner material is obtained.
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As shown in Fig. 4, the location of the artery 1 which isr 1=(x1,y1)
in the optical model given by Eq. (1), can be derived using simple
kinematics.

( )[ ] ( )[ ]211211 sinsin qqhqqdx −++−−= βα (18a)

( )[ ] ( )[ ]2112111 coscos qqhqqdRy −++−−−= βα (18b)

where,
( )211 qqRR −= from Eqs. (16a) and (16b)

ÿÿ
�

�
��
�

�
=

0

1
01 r

r
hh

where,
( )βπ −= rr1 , from Eqs. (17a) and (17b)

The location of the artery 2 which isr2=(x2,y2) can also be
obtained using similar derivations.

Dynamics of the Arterial Wall and the Capillary Layer
The compliance of the arterial wall changes nonlinearly. There

are many factors that influence the arterial wall compliance [9], such
as temperature, pressure, or even emotion of the person. Among them,
pressure is one of the most sensitive factors that change the
compliance dramatically. Depending on the transmural pressurePt,
which is defined as the difference between the internal pressurePi and

Fig. 4 : Geometry of the LED, the photodetector, the
artery 1, and the skin capillary layer

o

c

R1h1

dq1-q2

?

?

Artery

LED
r0=(0,0)

rd=(l,0)
Photodetect

r1 =(x1,y1) x

y

Skin Capillary
Thickness t



external pressurePo, the diameter changes of the digital artery differ
even with the same change in blood pressure. Fig. 5 shows the
relationship between the arterial wall radiusRr and the transmural
pressurePt [7][10]. As shown in the figure, even with the same change
of transmural pressure∆Pt, the change of the arterial radii,∆Rr1 and
∆Rr2, are different depending on the operating point ofPt. The
maximum arterial pulsation occurs approximately when the transmural
pressure is zero. After this point, the arterial pulsation begins to
diminish since the artery becomes occluded by the excessive external
pressure [7][10]. This is a well-known principle used in oscillometric
blood pressure measurement devices.

The internal pressure of the artery, which is actually what we
define as “blood pressure”, is not actively controllable. However, we
can change the amplitude of the volumetric pulsation of the artery by
changing the external pressurePo even under the same blood pressure.
In our ring configuration, as the displacementd increases, the pressure
around the contact point increases. This also changes the pressure
applied to the digital arteries depending on the configuration and
position of the ring. To calculate the radii of the arteries (Rr1 andRr2 in
Eq. (1)),P(γ) whenγ=π-β andγ=β must be calculated from Eq. (12),
and this becomes the external pressurePo1 and Po2 applied to digital
artery 1 and 2 respectively.

In this approach, we model the relationship ofRr and Pt as a
sigmoid function for simplicity.
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Finally, Rr1 andRr2 in Eq. (1) can be described as follows.
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The effective thicknesst of the capillary layer can also be
obtained using similar derivations except that the operating range of
thePt is different from that of digital artery. The internal pressurePi in
digital artery oscillates in the range of 80~120 mmHg. However,Pi of
the capillaries is around 10~35 mmHg, which makes the capillaries
occlude more easily in the presence of an external pressure.

Combining the mechanical model describing the locations of the
two arteries, the arterial wall dynamics equations given by Eqs. (20a)
and (20b), and the optical model equations given by Eqs. (1), (10), and
(11), the whole model is completed.

NUMERICAL SIMULATION AND VERIFICATION BY
EXPERIMENT

Numerical simulations and experiments were conducted with
different angles of movements. The numerical simulations were
performed using MATLAB version 5.2. The first case (Fig. 6a) is
when the direction of movement is aligned with that of a digital artery.
In the second case (Fig. 6b), the finger moves in the direction of the
mid-point of two digital arteries. In the numerical simulations, the
blood pressure (internal pressurePi) is given as a combination of two
sinusoidal functions, one with a frequency of 1.2 Hz and the other 2.4
Hz. By this combination, we can closely simulate the two-peak feature
of a real heart beat. For the optical coefficients, realistic values of

mma /01.0=µ , mms /7.0'=µ , mma /2.1~ =µ , and mms /2.1'~ =µ
are used in the numerical simulations. In the experiments, the LED and
the photodetector are closely packed in a sensor unit board, and the
ring is positioned so that the sensor is aligned in the direction of
movement in each case. (α=q1)

Analysis of the Simulation and Experiment : Case 1
When the direction of finger movement is aligned with the

location of a digital artery (α=β), it is expected that the amplitude of
the photoplethysmograph will change greatly asd (displacement)
increases due to two reasons. First, as the sensor is aligned with a
digital artery, the distance from the artery and the photodetector will
decrease significantly asd increases. This will result in a more change
of light absorption by the blood with the same change of the diameter

Fig. 5 : Change of arterial wall radius
(Rr) with transmural pressure ( Pt)
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Fig. 7 : Visualization of movement at case 1. It is
shown that the finger shape becomes more oval
as d increases.

Fig. 10 : Visualization of movement at case 2. It is
shown that the reference point (denoted as ‘+’)
moves toward the middle point of two arteries as
d increases.
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Fig. 8 : Photoplethysmography and pressure at
sensor unit from experiment in case 1
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Fig. 9 : Photoplethysmography and pressure at
sensor unit from numerical simulation in case 1
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Fig. 11 : Photoplethysmography and pressure at
sensor unit from experiment in case 2
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Fig. 12 : Photoplethysmography and pressure at
sensor unit from numerical simulation in case 2
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of digital artery. Secondly, as the direction of movement is aligned
with the location of a digital artery, the external pressure around the
artery which isPo will increase quickly, resulting in the maximum
pulsation point of the transmural pressure more easily. This will also
give a more highly pulsating signal at the photodetector. Fig. 7 shows
the numerical simulation of the finger and the ring configuration with
a gradual increase of the displacementd. The large outer circle
represents the ring, and the inner line which looks like a distorted
circle is the finger surface. The two small circles inside the finger
represent the two digital arteries, and the plus sign (+) inside the finger
represents the reference point of the finger (which was denoted as
point c in previous figures). It can be clearly seen that this reference
point moves toward the direction of a digital artery as the displacement
increases, and the digital artery goes closer to the LED and the
photodetector which were represented as a small square (ÿÿÿÿ) and a
small star (*) on the finger surface at around 20 degree respectively.

From the viewpoint of the arterial wall dynamics, it is expected
that the amplitude of the photoplethysmograph will increase as the
relative displacement of the finger to the ring increases up to a certain
point where the transmural pressure goes to zero. After that peak point,
the amplitude is expected to decrease since the digital artery will begin
to be occluded. The simulation results and the experiment results are
shown in Fig. 8 and Fig. 9 respectively. The upper plots of Fig. 8 and
Fig. 9 are the photoplethysmographs, and the bottom figures are the
pressures at the sensor unit. Both results show that there is a certain
point of external pressurePo that the amplitude of the
photoplethysmograph becomes maximum. (The experiment result of
case 1 shows a small oscillation even at very high external pressure.
This is mainly due to the measurement noise and the signals at this
region do not show the typical characteristics of human heart beats
such as two peaks waveform.)

Analysis of the Simulation and Experiment : Case 2
The second case is when the direction of finger movement is

towards the middle point of the two digital arteries, i.e, to the palm
side (α=90o). In this case, the change of amplitude of the
photoplethysmograph with finger displacement is not expected to be as
great as in case 1 since the pressure increase at the artery is not as
much as in case 1 with the same extent of displacement. In addition, as
the distances of the two digital arteries from the sensor unit are
geometrically longer than those of case 1, the overall amplitude of the
photoplethysmography signal will not be large. This means that the
amplitude of the photoplethysmograph will not change much even
though the finger moves significantly to the direction of the palm side.
Thus, it is expected that the amplitude of the signal will remain very
small regardless of the finger displacement. (This is the worst
configuration of the ring and the finger in terms of the signal to noise
ratio as we observed in the experiments.) The movement of the finger
in the ring is graphically visualized using our model in Fig. 10.

The experimental result is shown in Fig. 11, and the simulation
result in Fig. 12. As was expected, the amplitude of the
photoplethysmograph shows almost no change in experiment. In this
configuration, it is even hard to recognize the pulse, in both
experiment and simulation. In both results, the amplitude becomes a
little larger with low pressures. This slight increase of the amplitude is
from the pulsation of the capillaries on the palm side of the finger.
Capillaries usually become occluded at an external pressure of around
10~35 mmHg since the internal blood pressure of the capillaries is
around that range. This explains the disappearance of pulsation at
higher pressures in the experiment result in case 2. (Small oscillation
at high external pressures is mainly measurement noise.) In other

words, the photoplethysmograph of case 2 catches the pulsation from
the capillaries when the external pressure is low. However, as the
external pressure increases above 10~35 mmHg, this pulsation
disappears as the capillaries become occluded. As the arterial pulsation
cannot be apparently detected by the photoplethysmography at this
configuration because the distance between the arteries and the sensor
is long, we can see almost no pulsation with higher external pressures.
Rather, the pulsation of the capillaries plays a major role with a low
external pressure, although its amplitude is much smaller than that in
case 1 in which the photoplethysmograph is mostly driven by arterial
pulsation. The simulation result also exhibits a similar behavior

CONCLUSIONS
A finger model for photoplethysmography of the Ring Sensor

was developed. This model is an interdisciplinary physiological model
that integrates an optical model, mechanical model, and the dynamics
of the arteries and the capillaries. This model was verified by
experiments and numerical simulations. This model is especially
useful in describing the nature of the finger-based health monitoring
device (the Ring Sensor). For example, from the viewpoint of noise
minimization issues, there are many advantages of having this
mathematical finger model in designing a ring sensor that is strong to
noise caused by finger movement. As there are many design
parameters that have to be tuned in the development of a ring sensor,
this finger model will be a good analytic method in optimizing those
parameters such as the compliance of the inner material of the ring and
the configuration of the sensor. Further refinement of this model will
focus on investigating the non-linearity of the finger tissue, as well as
on more detailed modeling of the anatomical elements such as bones
and skin layers.
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