698 IEEE TRANSACTIONS ON ROBOTICS AND AUTOMATION, VOL. 17, NO. 5, OCTOBER 2001

Photoplethysmograph Fingernail Sensors
for Measuring Finger Forces Without
Haptic Obstruction

Stephen A. Mascarétudent Member, IEEEBNd H. Harry AsadaMember, IEEE

Abstract—A new type of touch sensor for detecting contact pres- gloves in general have been used increasingly in the robotics
sure at human fingertips is presented. Unlike traditional electronic  gnd virtual reality communities for a variety of human-machine
gloves, in which sensor pads are placed between the fingers andinteractions 8.

the environment surface, this new sensor allows the fingers to di- " . .
rectly contact the environment without obstructing the human'’s Acritical problemwith these force sensorsisthatthey are often

natural haptic senses. The finger touch force is detected by mea- bulky andinevitably deteriorate the human haptic sense, since the
suring changes in the coloration of the fingernail; hence the sensor fingers cannot directly touch the environment surface. Recently,
is mounted on the fingernail rather than on the fingertip. Specifi- - much research has focused on reducing this problem by inventing
cally, the fingernail is instrumented with miniature light emitting thinner and more flexible force-sensing pads [9]-[11]

diodes (LEDs) and photodetectors in order to measure changes in hi hto the d . £ f f
the reflection intensity when the fingertip is pressed againsta sur- N this paper, a new approach to the detection of finger forces

face. The changes in intensity are then used to determine changesis presented in order to completely eliminate any impediment to
in the blood volume under the fingernail, a technique termed “re-  the natural haptic sense. Namely, the finger force is measured
flectance photoplethysmography.” A hemodynamic model is used wjthout having to place any sensor pad between the finger skin
to investigate the dynamics of the blood volume at two locations ¢ the environment surface. Instead, the force is detected by an
under the fingernail. A miniaturized prototype nail sensor is de- . L ' .

h optical sensor mounted on the fingernail. This allows the human

signed, built, and tested. The theoretical analysis is verified throug A ) g -
experiment and simulation. to touch the environment with bare fingers and perform fine, del-

) ) . . icate tasks using the full range of haptic sense. Miniaturized op-

Index Terms—Touch sensor, haptic, touch force, fingernail, fin- . L . .
gertip, plethysmograph, photoplethysmograph, photo sensor, elec- tical Compon_ents_ and C|r_CU|try a_llow the sensor to be disguised
tronic glove, touch input, finger force. as a decorative fingernail covering.

First, this paper will describe the basic principles and con-
struction of the reflectance photoplethysmograph fingernail sen-
sors. Next, an anatomically based, lumped-parameter, hemody-

HERE IS AN increasing need for measuring forces actingamic model is constructed to explain the change in reflection

between human hands and the environment. In particulitensity at two locations on the fingernail. Dynamic equations
forces acting at the fingertip are critically important for underare derived for the model, and static and dynamic simulation
standing human manipulation [1], [2], acquiring skills [3], montesults are presented. A prototype nail sensor is then designed
itoring human behavior [4], and understanding human intefd built, and experiments are performed to measure the actual
tions [5], [6]. static and dynamic responses of the sensor for several subjects.

External finger forces are measured by placing force-sensiggPerimental and simulated responses are compared in order to
pads at the fingertips. A wide variety of such pads have be@¢aluate the model. Results of the comparison and their impact
developed in the past for applications in robotics and mediciR@ Sensor performance are discussed.

[7], using resistive, capacitive, piezoelectric, or optical elements
to detect force. These pads have often been placed in electronic
gloves in order to monitor human behavior during manipulation.
Yun et al. placed force-sensing resistors within a CyberGlova. Color Changes in Fingernails

for teleoperation [5]. Satet al. placed conductive rubber pres- Fig. 1 shows the cross section of an ordinary human fingertip

sure sensors within a CyberGlove or DataGlove in order to ana-

lyze human grasping [2]. Mascaebal. placed force-sensing re- and its fingernail. As the fingertip is pressed down on a surface

sistors in an electronic glove in order to monitor the human stafvééth increasing force, the blood flow through the fingertip is af-

during a cooperative assembly task with a robot [6] EIectron'cCted' and a sequence of color changes is observed through the
9 P y ' ﬁngernail. In fact, the color change is characteristically nonuni-

Manuscript received January 7, 2000; revised August 21, 2000 and July £§ym along the length of the nail, resulting in distinct patterns of
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asada@mit.edu.). with increasing touch force. Although the force thresholds may
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Fig. 1. Pressure applied to the fingertip (adapted from [12] by permission). —

distal Fig. 3. Photoplethysmograph fingernail sensor.
phialans Buriile (i reddening

and the surface. The change in color is directly related to the
> 1 changeinvolume of blood underneath the fingernail. The amount
- of blood under the fingernail bed can be monitored by shining
light into the fingernail and measuring the intensity of reflected
light, a technique termed “reflectance photoplethysmography.”
diminished Fig. 3 shows the basic construction of the photoplethysmo-
ped zune ) red zone soliii graph fingernail sensor. An LED illuminates the nail bed with
G white zone light. A photodiode is mounted nearby and detects the reflected
light from the nail bed. As contact pressure increases, more arte-
4 { rial blood accumulates under the nail. The additional volume of
blood under the nail tends to increase the absorption of light. As
wp. 1 M orco < 4 K pg force = d N more light is absorbed, less light is reflected, and the magnitude
of the output voltage of the photodiode circyit,,; |, decreases.
Fig. 2. Typical fingernail color changes. The absorption of light is also dependent on the oxygen con-
centration in the blood and the wavelength of the light. Fig. 4
ciple is universally applicable for a healthy fingernail in an orshows the absorption characteristics of blood, which consists
dinary environment. mainly of oxyhemoglobin (Hb@) and reduced hemoglobin
Above a certain threshold, e.g., 0.3 N, the entire nail begifigp). The extinction coefficients of these two components
to redden in color. The cause of this phenomenon lies in thgfer on either side of the isobestic wavelength (800 nm). By
blood flow through the fingertip, the details of which will beusing two LEDs of different wavelengths, e.g., 660 and 940
explained in Section Ill. Forces within the 0.3-1 N range aigm, the concentration of oxygen in the blood can be determined
sufficient to cause the venous return of blood in the flngertlp %m the ac Components of the two p|ethysmographs [13],
be progressively constricted. This results in pooling of arterigl technique termed “pulse oximetry.” The two LEDs are
b|00d in the Capi||al’ies Underneath the ﬁngernail. ThIS arterimhminated a|ternate|y and the reﬂected ||ght is measured by
blood is rich in oxyhemoglobin and is therefore bright red ighe same photodiode with the aid of sample-and-hold circuitry.
color. When the touch force reaches a certain point, e.g., 1 ||Nonly the volume of blood is of interest, a single LED at
the veins are completely blocked and the fingernail color stoife isobestic wavelength will provide measurements that are
reddening with further increase in touch pressure. decoupled from the effect of oxygen concentration. Hence, this
Further increases in the touch force begin to push all blogghhestic wavelength is chosen for measuring finger forces,

out of the very tip of the finger, resulting in a white band at thgthough other wavelengths may also be satisfactory.
front of the nail. As the force increases, the white band widens

until some limitis reached, e.g., at4 N. Increases in touch force,
beyond this point have no visible effect. However, forces ap- ]
plied longitudinally to the front of the fingertip and shear forceé- Fingertip Anatomy
applied along the length of the finger are more effective at ex-Fig. 2 showed the typical change in coloration of the finger-
erting stresses on the tissue above the bone, and are capabigdfwith increasing touch force at the fingertip. In order to un-
increasing the white band even further. derstand the correlation between the touch force and the ob-
served behavior, a hemodynamic model of the blood flow in
the fingertip will be created and verified. The goal is a model
The phenomenon described above can be utilized to meadina can predict the magnitude and location of an input force,
touch force or contact pressure by monitoring changes in fingbased on the measurable change in reflection intensity. As a
nail coloration without having to put a sensor between the fingfirst step toward a model that meets all of the above specifica-

g fome<BEiN ep 05N <forre< 1 M

Lk

V ASCULAR ANATOMY AND HEMODYNAMIC MODELING

B. Construction of the Nail Sensors



700 IEEE TRANSACTIONS ON ROBOTICS AND AUTOMATION, VOL. 17, NO. 5, OCTOBER 2001

A Dorsal Paimar

I~ \Hb

- Isobestic Point

Extinction Coefficient

600 700 800 900 1000

Wavelength (nm)

Fig. 4. Blood absorption characteristics.
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Fig. 6. Venous anatomy of the fingertip (adapted from [20] by permission).
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tions, a lumped-parameter model will be created that explaiis
the changes in blood volume and reflection intensity at boftg. 7. Capillaries of the fingertip (adapted from [16] by permission).

the reddening zone and the whitening zone from a limited set

of force locations. In order to construct a realistic, physicallipuch pressure [21]. As a result, when touch pressure is applied
based, lumped-parameter model, the first step is to examine thiéhe fingertip, the veins are collapsed, causing blood to pool
anatomy of the blood vessels in the fingertip. up in the capillaries underneath the nail.

A variety of details on the vascular anatomy of the fingertip The capillaries run longitudinally under the nail bed and are
can be found in several sources such as [15]-[19]. The nail b#dce as long and twice as numerous as those in the pulp on the
is richly vascularized with blood flowing from the digital ar-palmar side of the fingertip, as shown in Fig. 7, [16]. Thus the
teries into a network of arterioles, through capillary loops ju$food that pools up in the capillaries of the nail bed is highly vis-
under the surface, and back out through the venules to the digibd¢ and is responsible for the reddening effect described earlier.
veins. Figs. 5 and 6 show the anatomy of the digital arteries ahi@. 7 also shows that the capillaries under the nail at the tip of
veins. As seen in Fig. 5, the main digital arteries divide into the finger are not protected by the bone. Thus touch pressure can
network of smaller arteries that run principally above the bonpropagate around the tip of the bone, causing these capillaries
which is connected to the fingernail via a strong matrix of coto collapse and pushing all of the blood out of them. This results
lagen and elastic fibers. The nails are thus described as “iththe whitening effect described earlier.
mobile over the distal phalange” [15]. As a result, the arteries
underneath the nail are protected from touch pressure, aIIowﬁg
uninterrupted supply of blood to the capillaries under the nail. Based on the anatomical behavior described above, a lumped-
However, the flow of blood out of the fingertip relies largelyparameter, hemodynamic model that captures both reddening
on the lateral ramifications of the digital veins shown in Fig. @&nd whitening phenomena will be formed in this section. Three
[20]. In addition, the veins are generally larger and more comajor components are needed for elucidating the hemodynamic
pliant than the arteries, leaving them susceptible to collapse ighavior: 1) capillaries where the visible blood volume changes

Hemodynamic Network Model
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Fig. 8. Hemodynamic model of the fingertip.

occur; 2) arterial supply and venous return; and 3) a mechanisgpative. As the effective venous diametély + zv, is

that varies fluidic resistance and capacitance in response to pthss reduced, the fluidic resistance of the venous rettisn,

sures applied at the fingertip. increases. This causes the pressures in the capillary elements,
1) Capillaries: There are two distinct zones of capillariesP-; and Px», to increase, which then increases the displace-

the proximal reddening zone capillaries that are protected ments of the capillary wallsy-1, andzc2. As the effective

the nail-bone structure, and the distal whitening zone capillaridmmetersD¢c; + z¢c1 and Des + 22 thus increase, more

that are susceptible to collapse by applied pressure. The cabitod is stored in the capillaries, resulting in the reddening

lary network must be lumped to create two separate capaciteffect. Changes inc¢;, and z¢o also modulate the fluidic

elements in the model, corresponding to these two zones. Fige8istances in the capillary elemenfs,; and R 4., which

shows the schematic of the lumped-parameter model containfagher magnifies the reddening effect.

two capacitances representing the lumped capillaries of the redgehavior of the distal capillary capacitance at the whitening
dening and whitening zones. zone, however, differs from the proximal one when pressure
2) Arterial Supply and Venous Returit is known that the  p,., acts on the distal palmar surface of the fingertip. Since the
fluidic resistance of the capillaries is an order of magnitud§one does not extend all the way to the tip of the finger, pres-
higher than that of the digital arteries and veins [21]. Thereforgre p;., directly propagates through the tissue at the fingertip,
the pressure drop along the arterial supply and venous returfdsyiting in a decrease in the displacement of the distal capillary
negligible, and hence all the arteries and veins can be lumpgg)|, zc2. In consequence, the effective diamelks, + zc» is

into single flows from which the capillaries branch out in parreduced and blood is removed from the distal capillary capaci-
allel, as shown in Fig. 8. Unlike the arteries, the veins are n@ince, causing the whitening effect.

protec_ttt_ad b3|/ the btonﬁ_,l s?hthe ‘t’ef?°|”5 rettIJrr_1 IS ntwodeled with Bt this stage a few assumptions underpinning the above
capacriive element wh'e the arterial Supply 1S not. hemodynamic model will be made.
3) Variation of Fluidic Resistance and Capacitanc€he

fluidic resistances and capacitances of the capillaries and veingl) The softtissue (pulp) of the finger can be treated as a virtu-
vary in response to the pressures applied to the finger. As shown  ally fluidic medium to the extent that external pressure on
in Fig. 8, the venous wall is modeled as a mass-spring-damper the fingertip is propagated directly to the veins and to the

system with parameters.y, kv, and by, respectively. Like- capillaries at the front of the nail. Such “waterbed” models
wise, the capillary walls are modeled as mass-spring-damper have been used in the past to model the fingertip [22].
systems with parametersci, mes, ke, koo, ber and bes. 2) The bone and nail bed matrix effectively shield the arterial
The walls deviate from their effective nominal diameters supplyand capillariesundertherear portion ofthe nail from
Dy, D¢cq, and Do by the displacementsy , x¢1, andz¢a. the direct influence of touch forces (see Figs. 5 and 7).

When pressuré’r; acts on the proximal palmar surface of the 3) The effects of shear forces and finger bending are ne-
fingertip, the wall is displacement;;- becomes increasingly glected.
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RAQ(X) — lele]
R Pressures OLight NCQW(DCQ + 3702)4
Hemo- (el Vessel Opto- utputs 128 Ly 1iBlood
— < Wall P chemical [~ Ry(x) = V/Bloo < (3)
Blood A Dynamics Model ] Nyx(Dy + & v) .
PIressure ows Note that the resistances are functions of the state variables,
nputs and are hence modulated by the blood vessel diameters. These
Vessel are prominent nonlinearities characteristic to the fingernalil
Diameters sensor system. The stiffness and damping characteristics of

blood vessels are generally nonlinear. To analyze pulsation of
hemodynamic behavior, this nonlinearity must be taken into
account. The nail sensor dynamics, however, are not heavily
The model can eventually be expanded to include more th@@pendent on the pulsatile dynamics, since the dc components of
two capillary units, depending on the hemodynamic behavior gfe photodetector outputs are used rather than the ac components.
interest and the number of photodetectors that are to be plageférefore, linear compliance and damping are used for the blood

on the nail. The number of locations where input forces are agessels in this paper. The state equations are therefore given by
plied can also be expanded, given a more thorough treatment of % = A(x)x + B(x)u (4)

the tissue mechanics.

Fig. 9. Model interactions.

. . . . 0 0 0 0
Fig. 9 shows a block diagram representation of the finger- 0 0 0 0
nail and sensor system that highlights the inputs and outputs, 0 0 0 0
and the interactions between the hemodynamics and vessel wall  B(x) = | g (%) Bunx) 0 0
dynamics. They not only interact through the fluidic pressures Biu(x) Big(x) 0 _ Acs
and flows at the capillary and venous walls, but also through the 5t 52 Av me2
modulation of the fluidic resistances by the capillary and venous BGl(X)Q Be2(x) 5 0
diameters, as shown by the feedback loop in the figure. It is this Ri1(x) = ber + Az Rai(x)
nonlinear effect of the modulation that is responsible for the red- (1 Ra1(x)[Ra2(x) + Ry2 + Ry (x)]
dening phenomenon. The primary inputs to the system are touch Ry (%) Rrota(X)
pressuresPr; and Pr2, While the outputs are the light intensi- Ras(x) = beo + AQCQRAQ(X)
ties detected by the photodetectors. Blood pressiizeand 7y, Roas(x)[Ra1(x) + Ry + Ry (x)]
act on the system as secondary inputs or disturbances. X <1 - Rv(0R ) )
1% Total
2
IV. STATE EQUATIONS AND DYNAMIC SIMULATION Ras(x) = by + Ay [Ra1(x) +RRV1]([R)A?(X) + Ry
ota. X
A. State Equations and Output Function AClACQRAl(X)RAQ?Xt) :
In this section, dynamic state equations and output function Riz(x) = Rotal(X)
will be dgrived for th(_a h(.amodynam.ic network model obtained Ac1Ay Ry (x)[Raz(xX) + Ryo]
above. Simple constitutive laws will be assumed for the ele- Ria(x) = Rrow(X)

ments involved in the lumped-parameter model. The system
contains six elements that store energy independently; these are Ry3(x) = AcaAv Raz(x)[Bar(x) + Bvi]

the blood vessel capacitancks; , k-2, andky -, and the masses Rotal(X)

of the blood vessel walls and bloogc1 , mc2, andmy-. The Bu(x) = Aca <1 _ Rai(x)[Rao(x) + RV2]>

state variables that are used for locating the dynamic state of the mc1 Ry (x) Rrotal (%)

system are the effective displacements of the capillary and ve- _ AciRai(x)[Ra2(x) + Ry

nous wallsxc1, zc2, andzy, and their time rates of change. (%) = me1 Ry (%) Riotal(X)

Therefore a total of six state variables are needed: Byy(x) = Aco < Ro(x)[Ra1(x) + Rm])

_ ; . . . T ° o mgco Rv(X)RToml(X)

XTlren e v de de Bl (1) B (x) = AcoRa2(x)[Ra1(x) + Ry

As shown in Fig. 9, the inputs to the system consist of the up- mea Ry (%) Rotal(X)
stream and downstream blood and the external touch pressures Ay (x)[Ra1(x) + Ras(x) + Ry1 + Ry
applied to the fingertip: Loy (x) = my Rrotal(X)

_ T _ Av(x)[Rai(x) + Bvi][Ra2(x) + Ryv2]
w=lPw Po P Fral @) Bea(x) my Ry (x) Rrotal(X)

The flow in the fingertip is of low Reynold’s number. There- Rrotal(X) = Ra1(x) + Ra2(x) + Ry1 + Ry
fore the fluidic resistances can be modeled using laminar pipe [Ra1(x) + Ry1][Ra2(x) + Ry2]
flow [21]. The lumped capillary and venous resistances are + Ry (x) '
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All of the model parameters are listed below and their valu@sthout passing through the capillaries of the nail bed, &nd
are estimated to order of magnitude based on physiology liteceepends on the photodiode sensitivity, LED brightness, tissue
ture [14], [20], [21], [23]-[27] and on observable behavior. absorbance, and various optical losses. The blood concentration,

K1 = Koo ~ 10° N/m capillary wall stiffness;  C can be expressed as the ratio of the blood volume in the cap-
Ky ~ 10% N/m venous wall stiffness; illaries to the tissue volume:
me1 = mee ~ 1073 kg ;i?:g-ry wall and blood o Vilod  NeLem(De + ve)? -
my ~ 1072 kg venous wall and blood Vrissue 4V rissue
inertia; Applying the above to each of the reddening and whitening
bo1 = b ~ 10 N - s/m capillary wall damping; zones and substituting it into (3) yields the output voltage of
by ~ 102 N - s/m venous wall damping;  each photodiode:
Aci = Ace ~ 1074 m? capillary surface area; )
Ay ~ 107* m? venous surface area; Vi = Voi + Vigem@iPeitzed” i — 1 9
Dei = Do ~ 1072 m nominal capillary diam- o — mel; Ny Lo )
eter, ‘ 4VTissue,i )
Dy ~ 107 m nominal venous diam-

By estimating the values of the constantsdirto order of

eter; . i . o ;

Lot = Lew ~ 103 m capillary length: magnitude, it is possible to further S|mp2I|f_y the optical model.
25 . Namely, the product ofe and (D¢ + z )~ is on the order of
Ly ~ 107" m venous length; _o . . ;
5 e 10~=. Taking the first two terms of the Taylor expansion of the

Nc1 = Nga ~ 10 number of capillaries; exponential, (8) reduces to
Ny ~ 102 number of small veins; P ’
HBlood ~ 321072 Pa s blood viscosity; Vi = VI = VI(Des + )2 9)
Ry, = Ry ~ 10! Pa s/m? lumped venule resis- 01 = Vil )

tance; Thus the output voltage of each photodetector is proportional
Py ~ 10* Pa (gauge) upstream blood pressureo the square of the effective diameter of the capillary capaci-
Py, ~ 0 Pa (gauge) downstream blood prestance beneath it. The output function given by (9) can be ap-

sure; plied to the states in (4) in order to simulate the photodetector

Finally, the optical portion of the model should be includedesponse to various touch inputs. The simulations can then be
as an output function relating the diameters of the capillary elempared to experimental data to empirically deternifiand
ements to the output of the photodetectors. For transmissionigffor each photodetector.
light through a solution, the Beer-Lambert Law can be applied,

as shown by (5). B. Simulation
[ The hemodynamic and optical models derived above are now
out = Zin® simulated using the parameter values given in the previous sec-
A= LCe (5) tion. First, a step pressut-; is applied only at the proximal

palmar surface as shown in Fig. 8. The responses of the hemo-

with notation defined as follows. dynamic and optical models for a range of equally spaced mag-

Low output I|ghF Intensity; nitudes (0.1 N/crf) of touch pressure are shown in Fig. 10. At
I input light intensity; . . . .
: time ¢t = 0, the positive step pressure is applied, and then at
A absorption; : _ :
I ath lenath: timet = 2 s, the pressure is stepped back to zero. As expected,
P Eoncentrgati;)n of absorbing substance: the touch pressure causes the venous capacitance to contract in
: . 9 ' diameter and the capillary capacitances to expand in diameter,
e =¢e(N) absorption coefficient.

In the case of blood, corrections are often made for scatterirnesulting in the reddening effect described earlier.
' 9he results of the simulation show a characteristically

effects [28]. However, in the case of capillaries, Scatte”ng.hsonlinear behavior. Firstly, the steady state diameters are not

negligible, since the number of layers of blood cells is few IWnearly proportional to the touch force magnitude. Secondly,

?Iac.h capillary [2”1]' l;urtherr]?jr_eit|_tbcza:[n(l;e asshutrEe;jtt:at th_? gﬁ‘? capillary diameters, which are of primary interest, respond
faries are small and evenly distributed, such that he nai uch more sluggishly at lower force levels. In fact, the step

can e reted s acontuum navng o boodconcenf L 121 ST St jovst o0 el 1o e S6p
' i o pply P response up to a positive force. The venous diameter, on the
bert law to the fingernail. Since the output voltage of the pho-

. - N o . other hand, responds just as quickly to the negative step as to
FOd.'Ode c_|rcw_t shovyn in Fig. 3 is dlref:tly proportional to thefhe positive step. Therefore it is concluded that the asymmetry
incident light intensity, (5) can be rewritten as

of the arterial behavior is related to the nonlinearity of the
Vi = Vi + Ve LCe (6) fluid dynamics between the arteries and veins. Specifically,
the smaller fluidic resistance at low force slows the system
whereVp is the photodetector outputj is a bias voltage, and response.
V1 is a proportionality constani, is due to the light directly  Fig. 11 shows the step response of the two photodetectors for
reflected back to the photodiode from the surface of the naiimultaneous step inputs at both the proximal and distal palmar
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surfaces. At time = 0, a step pressure is applied, and at time § /
t = 2 s, itis released. As expected, the output of the proxima 5 /
photodetector decreases (reddening effect) and the output % 0'5 1 15
the distal photodetector increases (whitening effect). While th Touch Pressure Pri, Pry (N/cm?)

output of the proximal photodetector still behaves nonlinearly,

the output of the distal photodetector demonstrates a more lineg@r12.  simulated steady-state relationships.

behavior, with approximately equal loading and unloading re-

sponse times. This indicates that the response of the distal cap-

illary capacitance is dominated by the direct mechanical inflpressurePr; is applied at the proximal surface, the proximal

ence from the touch pressure, rather than by the fluidic intergaiotodetector voltag€r; decreases roughly linearly and then

tions. levels off at approximately 1 N/cfnof touch pressure. When
Fig. 12 shows the steady-state relationships between the ptoarch pressuré’x, is applied at the distal surface, the distal

todetector outputs and the touch pressure inputs. When tougbhotodetector voltag&’p, at first increases steeply up to 0.1
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Fig. 13. Prototype design for the fingernail touch sensor.

N/cn?, then gradually increases linearly, and finally levels off
just beyond 1 N/crh

Fig. 14. Implementation of fingernail touch sensors.
V. PROTOTYPING AND EXPERIMENT

A. Prototyping to end on the bottom side. Up to 8 of the 32 total photodiodes
In designing a prototype of the fingernail sensor, there aré-@n Pe wired up at once, resulting in up to eight sensing loca-
number of critical issues to be addressed. tions along the length of the fingernail. Up to three LEDs of

1) Size and Profile: The sensors should be thin and unobtrydimension 0.25 mmx 0.25 mm can be placed in flexible loca-
sive. Using miniaturized optical components and circuitry, the{Pns beside the photodiode arrays.
could be disguised as a decorative fingernail such as those com- .
monly worn on the natural fingernail. B. Experiment

2) Means of AttachmentTo minimize sensor noise from In order to test the validity of the model, static and dynamic
motion artifact, the sensors should be attached rigidly to the fiexperiments are performed using the prototype nail sensors.
gernail. However, the interface must be optically transparent@@ta is collected for eight human subjects of varying gender
maximize the sensitivity of the sensor. and skin color. Ideally, a subject’s finger could be immobilized

3) Shielding of Ambient LightTo reduce sensor noise fromwhile known forces are mechanically applied; however it is
ambient lighting, the photodiodes should be optically shieldextremely difficult to immobilize the finger without affecting
from above. They should also be shielded from the side to ptae blood flow. Therefore for these experiments, the subjects
vent direct illumination from the LEDs, which would result inare instructed to apply the forces themselves against a flat
a large unwanted DC voltage. padded surface. A strain-gauge force sensor placed underneath

4) Signal Processing and Transmissioifhe op amp stage the surface directly measures the applied touch force. The
shown in Fig. 3 should be located close to the photodiodes stbain-gage readings are fed back to the subject using a visual
that the sensor signals are amplified before being transmitiigplay, allowing the subjects to monitor and control the applied
over a long distance. However, to minimize the size and coriorce.
plexity of the sensor, all other signal processing can be doneFig. 15 shows the experimental steady-state response of a
after transmitting the signals away from the fingernail. proximal photodetector to touch force applied normally at the

Fig.13 shows a conceptual design that aims to meet the afgpesximal palmar surface of the fingertip. For this experiment,
mentioned requirements. In order to minimize size and prtite subject is instructed to slowly cycle the force between 0 and
file, miniaturized optical and electrical components are mount@dN at approximately 0.05 Hz. The plot shows the average re-
using wire bonding to a thin flexible Kapton printed circuitsults of three cycles for each subject, and the average of all the
board. The optical components are placed on the bottom aubjects. As expected, an approximately linear decrease is ob-
covered with a protective layer of optically transparent epoxgerved up to about 1 N, past which the output exhibits a non-
which is molded to the shape of the wearer’s fingernail. A balinear leveling off. By tuning the previously unknown offset and
rier of optically opaque epoxy is placed between the photodgealing parameters in (9), the simulated response can be fitted
tectors and LEDs. The amplifier components are placed on tép.the experimental average, and is plotted overtop as a dashed
and then the entire top surface is coated with optically opagliree for comparison. The magnitude and range of sensitivity vary
epoxy for shielding of ambient light, and finally a decorativacross the subjects, but the behavior is similar. Certain subjects
plastic nail is placed on top for aesthetic purposes. After ampdihow a slight increase in voltage at large force due to encroach-
fication, the signals travel through the thin Kapton strip to thexent of the whitening zone, an effect not included in the model.
wearer’s wrist. The sensor can be attached to the wearer’s finfig. 16 shows the corresponding dynamic response to prox-
gernail using a double-sided transparent adhesive. imal touch force for subject 2 (dark skin, static sensitivities close

Prototype fingernail sensors have been fabricated and ass&raverage) and subject 3 (light skin, static sensitivities far from
bled, as shown in Fig. 14. For the prototype shown here, tvawerage). The subjects are instructed to apply a step force as
photodiode arrays of dimension 4 mtril mm are attached endquickly as possible, maintain it, and then release as quickly
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Output of Proximal Photodetector
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Fig. 15. Experimental static relationship for proximal pressure.
Step Force Input (9). The model response to the measured forces is simulated and
25 Subject 2 25 plotted overtop as dashed lines for subjects 2 and 3.

2 2 . .

S 15 5 Fig. 17 shows the experimental steady-state response of a

g '1 Subject 3 '1 distal photodeteptor to touch force applied at the' distal pqlmar

© surface of the fingertip. As expected, an approximately linear
0.5 0.5 o .

o o behavior is observed up to about 1 N, past which the output ex-
05 05 hibits a nonlinear leveling off. In this case, while the magnitude
o 05 1 15 0 0.5 1 15  of sensitivity varies across subjects, the range of sensitivity is

Time (s) Time (s) very consistent. The slightly positive slope beyond 1 N is a re-

Output of Proximal Photodetector

sult of the widening of the whitening band, an unmodeled effect.
Fig. 18 shows the corresponding dynamic response to distal

s

N S 2 / 7=0.12+0.03s touch force for the same two subjects. As before, the model re-
= -.005 7=0.16%0.03s & sponse is calibrated to the experimental response for each sub-
, ject and plotted overtop as dashed lines. Compared to proximal
~010 N -0.010 e ey " *]  touching, the time constants here are noticeably longer (average

o 05 ] 15 0 05 p 15 7 =018s for loading/ 0.36 s for unloading). On average, sub-

Time () Time (s) jects exhibit a much longer time constant for unloading than

loading, most likely due to unmodeled creep behavior of the

Fig. 16. Experimental dynamic response to proximal pressure. distal finger pulp.

At this point, the principal limitation in comparing simula-
as possible. Although the sensitivities differ, all eight subjectons and experiments is that the simulations assume that two
show time constants that are at least as fast as that of the ndistinct, uniformly distributed pressures are applied to the prox-
sured input force (average= 0.16 s for loading/ 0.12 s for un- imal and distal palmar surfaces of the fingertip; whereas in our
loading). The model time constants are first tuned to match thgperiments, a single lumped force is applied and itis not known
subjects by adjusting the stiffness and damping parametershofv the pressure is distributed across the fingertip. However, the
(3) within an order of magnitude. The model is then calibratetbmparison does show agreement between experiment and sim-
to each subject by tuning the scaling and offset parametersuddtion in terms of general static and dynamic behavior.
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Output of Distal Photodetector
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Fig. 17. Experimental static relationship for distal pressure.
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Fig. 18. Experimental dynamic response to distal pressure.

VI. CONCLUSION

and physiologically based, lumped-parameter, hemodynamic
model, in order to understand the relationship between touch
force input and reflection intensity output. The model was
simulated and compared to experimental data for two sensing
locations along the length of the fingernail, using both static
and dynamic experiments. All eight subjects show the same key
static and dynamic traits. Static experiments all show fairly linear
sensitivities to touch forces in the range of 0—1 N. Dynamic
experiments show that the time constants of the system are
generally between 0.1-0.4 s, which proves the feasibility of the
sensor for measuring rapid touching action. By tuning a few
parameters to match the time constants and scaling, the model
can be successfully calibrated to each user, and ultimately used
to predict touch force based on sensor output. At this stage, the
modelis sufficient to explain the observed behavior but is limited
to only two discrete outputs and inputs. With a more sound
treatment of tissue mechanics, the complexity of the model can
be expanded to deal with a greater array of photodetectors as
well as a more continuous distribution of contact forces, perhaps
including even shear forces.

Unlike traditional electronic gloves, in which sensor pads are

A new type of touch sensor for detecting contact pressuptaced between the fingers and the environment surface, this
at human fingertips has been presented. Fingernails are instrew sensor allows the fingers to directly contact the environ-
mented with arrays of micro LEDs and photodetectors in orderent without obstructing the human’s natural haptic senses.
to measure changes in reflection intensity when the fingefrhis new technology could be used for robot skill acquisition,
are pressed against a surface. Observable changes in fingeteibperation, human behavior monitoring, or even recording
coloration were described and used to create an anatomicalfychiropractic or surgical skills, where neither the patient nor
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the physician’s fingers can be covered with sensors. By instry49] D. O. Smith, O. Chikayoshi, C. Kimura, and K. Toshimori, “Artery
menting the human in an unobtrusive manner, a new approach to
human—machine interface can be explored. “Virtual switches, 1,
for example, replace traditional switches with mere images of
switches on a surface, activated by signals from the nail sensoi&!]
and a position tracker [29]. This, in turn, would open up Newzy)
possibilities in human—robot interactions.
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