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ABSTRACT In this work, a noninvasive vein finder based on a tuned microwave loop resonator has been
demonstrated to locate the vein in a cost-effective, reliable, and convenient way, addressing the challenges in
venipuncture, especially in cases of difficult venous access. The sensor is a tuned loop resonator with a radius
of 4.7 mm, incorporating a self-tuning pad and operating at 3.25 GHz with a reflection coefficient of —58 dB.
It provides localized high-intensity electric fields that penetrate into tissues with sufficient depths. The sensor
is based on the detection of electromagnetic resonant frequency shift that is susceptible to the distinctive
dielectric properties of blood vessels inside the skin. The extensive simulations and experimental measure-
ments on male and female subjects validate its effectiveness with consistent and distinguishable resonant
frequency shifts. The sensor’s stability across different forearm locations, its ability to differentiate between
arteries and veins, and its adherence to safety regulations with low-power microwave signals contribute to
its robustness. It shows great promise for improving venipuncture procedures, reducing complications, and
enhancing patient comfort in a low-cost and noninvasive way.

INDEX TERMS Vein finder, noninvasive, impedance matching, electromagnetic wave, RF sensor.

I. INTRODUCTION

Venipuncture is the most common medical procedure applied
to obtain blood samples from a vein for clinical investiga-
tions [1]. Venipuncture is routinely used for blood donation
and blood transfusion to patients [1]. The procedure is in-
vasive and depends on individual phlebotomists’ manual
operation. Although venipuncture has been a routine pro-
cedure in large populations, with an estimated 1.4 billion
cases a year in the US reported by the Center for Health
Statistics, NHAMCS, in 2016, errors frequently occur. The
2021 National Hospital Ambulatory Care Survey reports that
over a quarter (41.8 million) of all emergency department
(ED) visits in the US involve the placement of an intravenous
(IV) catheter for parenteral fluid administration [2]. Rapidly
establishing an IV catheter poses a challenge, especially in
patients with difficult venous access (DVA), characterized by
a lack of readily visible or palpable veins [3]. Difficult venous

access is typically defined as experiencing at least two failed
IV attempts [4]. Particularly, first-time intravenous insertion
success rates range from 53% to 86% [5], [6], [7], [8], [9],
[10], [11], [12], [13], [14], [15] in the pediatric and adult pop-
ulations. Initial success rates in infants may be even lower at
33% [14], [15]. If failed on the first attempt, the phlebotomist
sometimes needs between 2 and 10 attempts to complete the
procedure successfully. Reducing the number of venipuncture
attempts is a priority in healthcare, given the distressing and
painful nature of multiple attempts, such as fainting caused
by vasovagal syncope [16], and the associated costs to health-
care [17].

Specific and individual patient factors contribute to in-
sertion failure. Obesity may contribute to challenges in pe-
ripheral venous (PV) access, attributed to pathophysiologic
changes associated with excess weight. The accumulation of
fat in the subcutaneous tissues may result in the presence of
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deeply located peripheral veins, posing difficulties in catheter-
ization. This issue of PV access difficulty has been observed
in morbidly obese patients in various settings, including in
operating rooms and emergency conditions [18], [19], [20].
Age complicates the venipuncture due to the thin and loose
skin as well as aging blood vessels [21]. Other factors [4],
[6], [10], [11], [12], [13], [22], [23], such as skin colors, di-
abetes, intravenous drug use, chemotherapy, chronic medical
conditions, and needle phobia, could aggravate the difficult
venous access. Despite the factors from patients, the short-
age of phlebotomists further exacerbates the issue [24], [25].
Sonmez et al. reported that only 38% of 1347 tubes of blood
samples were collected by 73 nurses under the safety mecha-
nism [26]. A variety of adverse complications are encountered
due to improper site selection and excessive venipuncture
caused by the DVA complexity. Hematoma formation is the
most common complication of venipuncture [27]. Excessive
probing to find the vein is the main reason that causes blood
to leak into the tissues, resulting in a bruise. Potentially, it
could create fear and phobia in patients with repeated failed
venipunctures. Serious cases, including nerve injury, mistaken
arterial punctures, thrombus, and syncope, have been reported
due to the close distance between the nerves, arterial, and
veins [28], [29].

Besides human judgment with the caregiver’s visual in-
spection or touch to palpate the vein with fingers, which
is the typical means, several technological approaches have
been reported to improve venipuncture success rates [30].
Ultrasound-guided methods are used for locating veins in
some reports [22], [31], [32], [33]. However, ultrasound im-
ages are noisy, blurry, and sensitive to placement. It requires
the vein to be relatively large [34]. Additionally, ultrasound re-
quires expensive equipment and additional trained expertise to
obtain meaningful images while simultaneously cannulating
the vein [35], making it not universally available. Visible-light
transillumination has been utilized to enhance the visualiza-
tion of veins [36]. Its application has been extended to the
varicose vein treatment, as reported in [37]. However, this
method necessitates a darkened room, causing inconvenience,
and its results have shown inconsistency with instances of
burns due to the high intensity of required light [35]. Infrared
(IR) imaging emerges as a potential solution due to its deeper
penetration into human tissues compared to visible light [38].
Additionally, veins containing deoxygenated hemoglobin-rich
blood absorb light significantly at the near-infrared (NIR)
wavelengths (740—760 nm) over several centimeters in the
tissues. This property is exploited by NIR spectroscopy and
can effectively distinguish veins from surrounding tissue [39].
Several commercial devices, such as VeinViewer [40], Accu-
Vein [41], Veinsite [23], and VascuLuminator [42], employ
NIR for vascular access procedures. Despite their valuable
clinical functions, these NIR devices face limited adoption in
clinics due to their high costs, bulky instruments, and user-
machine interface. NIR is limited to about a 3-mm depth in
tissues, which may not be deep enough as the mean value

is 3.1 mm for the basilic veins [43]. These factors prevent
them from practical and wide uses as studies have shown
no significant benefit by using them compared to manual
procedures [44], [45]. Besides, the costs limit their use in
economically disadvantaged areas. It is critically important to
find a means to locate veins noninvasively, economically, and
accurately.

Low-power microwave sensing with nonionizing radiation
can be potentially used for vein locating. Nonionizing radi-
ation with a low power density does not present a potential
risk of damaging tissues [46]. The dielectric properties of
blood vessels are significantly different from those of skin
and muscles because of the high water content in the blood
plasma. Due to the high contrast in dielectric properties be-
tween tissues and vessels, the interactions of electromagnetic
fields with different tissues affect wave scattering and provide
noninvasive real-time sensing. The presence of veins under
the skin can be detected by evaluating the resonant frequency
shifts and magnitude changes of reflection coefficients in mea-
surements.

Recent RF devices and integrated circuits are cost-effective
with low power consumption. Their sizes can be small and
integrated into a wearable device form factor for clinical uses.
The advances in electronics make an affordable microwave
sensing wearable possible. This work aimed to demonstrate
the feasibility of an efficient microwave sensing element that
can be conformed to the human forearm to detect the presence
of veins under the skin.

Il. SENSOR DESIGN AND SIMULATIONS

Compared to waveguides, planar resonators usually have
smaller sizes [47], which will be beneficial for the use
in vein finding, particularly on children’s arms. Resonating
cavities [48], [49], [50] are not suitable for comfortably in-
terfacing on the human forearm. Their measurements are
limited for media with high dielectric losses [51]. Split ring
resonators (SRRs) have found sensing applications in planar
circuits [52], [53], [54], [55]. The energy coupling from the
outer ring to the inner ring provides the desired resonance.
However, the coupling introduces insertion losses, and the
two rings bring multiple harmonics, which reduce the qual-
ity factor of the resonance of interest. Additionally, both
rings are susceptible to environmental changes, particularly
concerning wearables. Related to SRR, the complementary
split-ring resonator (CSRR) has also been used for microwave
sensing [56]. However, CSRRs exhibit higher insertion losses
because the inner split ring, responsible for the required res-
onance, is indirectly excited by the current in the outer ring.
This indirect excitation results in a reduced penetration depth
of the electric fields into the tissues.

Planar loop resonators seem to be more appropriate, with
the advantages of being compact and potentially wearable.
However, with the impedance matching issue [46], the poor
resonance at the microwave frequencies results in insufficient
penetration of fields into tissues. While employing a dynamic
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FIGURE 1. (a) Configuration of the tuned sensor with radius b = 4.7 mm,
loop width w = 0.9 mm, stub length L = 1.5 mm, and tuning gap d =
0.2 mm. (b) Photograph of the tuned sensor on a FR4 substrate.

matching circuit can potentially achieve a high-quality factor,
it results in bulkiness and design limitations. The technical
challenge lies in attaining a high-quality factor without com-
promising the features of being planar and with a small foot-
print. Our preliminary work [58], [59] developed a self-tuned
method for impedance matching in a planar loop resonator by
embedding a concentric metal pad, keeping the resonator de-
vice architecture simple but efficient. The presence of a center
pad provides additional distributed capacitances from the gap
between the loop and the metal pad [60] and additional mutual
inductance [61] between metal strips across the gap owing to
coupled magnetic fields. The gap spacing between the loop
and pad tunes the distributed reactance and matches the port
impedance at the desired operating frequency. Without chang-
ing the overall loop size or adding additional tuning circuits
outside of the loop, the resonance of the planar loop can be im-
proved significantly. The loop resonators have been made into
compact forms with high resonance performance for near-
field sensing. Applications have been investigated for human
hydration monitoring [62], [63], [64], [65], subcutaneous im-
plant localization [66], [67], breast cancer detection or imag-
ing [68], [69], [70], and skin cancer distinction [71]. The high-
quality factors also enhanced transcutaneous wireless power
transfer [72]. In agriculture, the tuned resonator can be used to
detect water content percentages of fruits or vegetables [73].
With the advantages that have been verified, this work
utilizes a similar tuned loop resonator structure to find the
vein under the skin. A rigid substrate capable of withstanding
pressure ensures consistent and firm contact with the skin and
enhances measurement accuracy. In contrast to our prior use
of flexible polyimide substrates, the sensor in this study was
designed and fabricated on a rigid single-layer FR4 substrate
with a dielectric constant of 4.4 and a thickness of 1.5 mm.
The same parameters were used in simulations. The sensor
consisted of a loop as the resonating element and a metal
pad as the tuning element, as shown in Fig. 1(a). The cop-
per pattern was etched after photolithography was applied.
A photo of the resonator is shown in Fig 1(b). The radius
of the loop resonator b was 4.7 mm with a connecting stub
length L = 1.5 mm, which was prepared for a connector to
the measurement port. The metal width w was 0.9 mm. The

Vessel Wall

(Thickness: 0.35 mm)

Diameter Blood

Skin Depth

) —> Sensor

FIGURE 2. Simulation setup: the vein structure consists of a vessel wall
and blood.

gap between the loop and the center pad d was chosen to
be 0.2 mm, which tuned the resonance below —55.27 dB in
a simulation model in which the sensor was placed on the
skin with a vein underneath. Fig. 2 shows the simulation.
The simulation model consisted of tissues and a single vein.
In humans, superficial veins, including cephalic veins (CV)
and median cubital veins (MCV), are commonly used for
venipuncture [43]. The vein sizes and depths vary per person.
According to [43], [74], the average depth range of the vein
is 1.7—3 mm, and the average diameter ranges 1.7—4.9 mm.
In this work, the simulated vein depth was set at 2 mm with
a diameter of 3.6 mm. The vessel wall in the simulation was
assumed to be 0.35 mm, according to [75], [76]. The dielectric
properties used for skin, blood, and vessel walls were obtained
from a documented library in [57], with plots shown in Fig. 3,
showing the dielectric constant and conductivity of the three
materials between 3 and 4.5 GHz. It should be noted that the
database is highly generalized, so discrepancies with measure-
ments on individuals are expected.

Fig. 4 shows the simulated reflection coefficient com-
parison with and without the vein underneath utilizing the
documented data. With a vein underneath, the resonance is
at 3.77 GHz with [s11] of —57.27 dB, whereas it is 3.79 GHz
with |s1;| of —43.52 dB when there is no vein underneath.
The robust resonance provides confined electrical fields deep
enough to penetrate through the skin and reach the vein,
providing sufficient sensitivity to detect the effective permit-
tivities change contributed by the presence of the vein. Fig. 5
shows strong fields across the gap and around the loop. The
—10-dB attenuation depth from the surface of the loop, in
Fig. 5(b), is 3 mm, covering the vein depth range [43], and the
—20-dB attenuation depth is 13 mm. Considering the deep
field into the skin, simulations with a vein in a wider range
of depths from 1.5 mm to 6 mm were conducted than that
of 1.7—3 mm according to [43]. Resonant frequencies are
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FIGURE 3. Comparison of documented dielectric properties of skin, vessel
wall, and blood [57]. (a) Dielectric constant and (b) conductivity.

compared in Fig. 6 showing the vein can be detectable up to a
depth of 6 mm. However, the frequency shift becomes smaller
after 3 mm due to the near-field sensor having a maximum
field concentrated within the depth of 3 mm, matching the
field distribution shown in Fig. 5(b).

I11. VEIN DETECTION MEASUREMENTS

A. VEIN DETECTION

The inside of the forearm (antecubital area of the
antebrachium) is the most common area for venipuncture. The
median cubital vein (MCV) and cephalic vein (CV) are the
common targets. The antecubital area skin is relatively thin.
The sensor is applied with sufficient pressure onto the forearm
skin and connected to a vector network analyzer (Keysight
PNA N5227B), as shown in Fig. 7(a) and (b), respectively.
Due to the high sensitivity of the tuned sensor, mechanical
tension changes on the coaxial cable induce small movements
between the arm and cable, causing measurement fluctuations.
To improve stability, a laboratory positioning system with
bracket mounting is used to stabilize the sensor, as shown in
Fig. 7(c). The person can freely move the forearm, allowing
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FIGURE 4. Comparison of reflection coefficients for skin with and without
a vein underneath.
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FIGURE 5. Cross sections of electric field distributions from the tuned
loop resonator: (a) top view and (b) side view.

the sensor to be placed at different measurement points. The
human subjects research protocol ID is SMU-IRB-22-205, ap-
proved by the Southern Methodist University IRB committee.
According to [77], in vivo dielectric properties are related to
genders. Measurements in this work also compare different
skins in females and males. Female skin is relatively thinner
with a lower dielectric constant compared to male skin before
10 GHz. Similarly, Mayrovitz et al. [78], [79] reported that
male skin has a higher tissue dielectric constant than female
skin. To investigate skin condition differences with respect to
gender, a male and a female subjects of the same age and with
similar body sizes were measured on both left and right arms
at selected locations with or without clear veins underneath
the skin. A commercial near-infrared (NIR) vein finder system
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FIGURE 6. Comparison of simulated resonant frequencies with a vein in
the depth from 1.7 mm to 6 mm, with a step depth size of 0.3 mm.

(b)

FIGURE 7. (a) Photo of the sensor applied onto the skin in measurements.
(b) Setup of measurement. (c) Photo of the positioning system for
measurement stabilization.

(UMTEC-ZDO001, USA) was applied as the reference. Due
to the vein locations being different on two forearms and on
different persons, the measured physical locations with their
distances from the elbows or hands were different. In the male
subject’s left forearm, two measurement points were selected
with the assistance of the NIR finder, with and without a clear
vein underneath, as shown in Fig. 8(a) and (b). The circle
#1 in the figures on the skin was without a vein and #3 was
with a vein. Reflection coefficients are compared in Fig. 9.
With a vein underneath, the resonance was 3.232 GHz with
[si1] of —53.36 dB, whereas it was 3.527 GHz with |s;1]| of
—23.48 dB when there was no vein underneath. Excellent
resonance was expected as the simulation was based on tuning
with a vein underneath. The frequency shift was 0.295 GHz.
According to [80] and our observations, the applied contact
pressure onto the sensor and skin may affect the |s;1|. During
measurement, even though we intended to control the pressure
onto the skin as carefully as possible by the setup, some
pressure variations may still exist. The pressure and force
applied on the skin compress the internal tissues, squeeze and
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FIGURE 8. Measured locations for skin and skin with veins underneath in
the male subject’s forearms with the reference of a near-infrared (NIR)
imager. (a) Left forearm without a vein underneath in the pen-circled area
#1. (b) Left forearm with a vein underneath in the pen-circled area #3.

(c) Right forearm without a vein underneath. (d) Right forearm with a vein
underneath.
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FIGURE 9. Comparison of reflection coefficients in measurements for the
skin with and without a vein underneath.

rearrange relative locations of cells, blood vessels, fat, and
water, causing the overall structure changes. This consequen-
tially changes the effective permittivity and conductivity in
the tissues, even if the field distribution from the resonator
remains the same. Thus, measurements were repeated and
recorded five times in each location. Each time, the sensor
was removed and placed again in the same location. A verbal
confirmation from the subject verified if the person felt the
pressure was similar to that in the previous measurement. The
resonant frequencies for individual measurements are com-
pared in Fig. 10(a). The measured resonant frequency with the
vein underneath was around 3.226 GHz, averaged from five
measurements at 3.214, 3.214, 3.226, 3.220, and 3.256 GHz,



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

BING ET AL.: NONINVASIVE VEIN FINDER BASED ON A TUNED MICROWAVE LOOP RESONATOR

3-6 T T T T T
35f -~ - ]
2 ¢ -—-—¢” ~e- _ _
G} 34 o ]
>’; B
Q
5
&
233 b
= .
g e ——— % —— _g— "~
g 30l | o | o ]
[
2
3.1} -@- Without a Vein Underneath ]
-#- With a Vein Underneath
3 L L X ; L
1 2 3 4 5
Measurement Number
(a)
3.6 T T T T T
35F =~ \. - '.— o
N
5
534 " T
5
=}
83.3f 1
23 _ A _
g _- ~w -
S 3.2f .- — ]
]
o~
3Af -@- Without a Vein Underneath ]
-M- With a Vein Underneath
3 . . N . N
1 2 3 4 5
Measurement Number
(b

FIGURE 10. Comparison of measured resonant frequencies for the male
subject with and without a vein underneath his forearm skin.
Measurements were repeated five times in each location. (a) Left arm and
(b) right arm.

while the average resonant frequency without a vein under-
neath was 3.457 GHz from five measurements at 3.461, 3.443,
3.515, 3.449 and 3.419 GHz. The variation ranges were 42
and 96 MHz with and without a vein underneath. Similarly,
the measurements were conducted on the right forearm of the
same male subject, with and without a vein underneath, as
shown in Fig. 8(c) and (d). The measured results are compared
in Fig. 10(b). The average resonant frequency was 3.23 GHz
with a vein underneath, averaged from five measurements at
3.178, 3.208, 3.275, 3.238, and 3.251 GHz. Without a vein
underneath, it was 3.51 GHz, which was averaged from 3.533,
3.491, 3.527, 3.509, and 3.527 GHz. The variation ranges
were 96 and 42 MHz with and without a vein underneath.
The results were repeatable and distinguishable between the
cases with or without a vein underneath in both male subject’s
forearms. The frequency variations among five measurements
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FIGURE 11. Measured locations for the skin with and without a vein in the
female subject’'s forearms with the reference of the NIR imager. (a) Left
forearm without a vein underneath. (b) Left forearm with a vein
underneath. (c) Right forearm without a vein underneath and (d) with a
vein.

in the same location were expected. The frequency variation
had an average value of 69 MHz, which was sufficiently small
compared to the frequency shift caused by the presence of a
vein underneath. An average 259 MHz frequency shift could
be found in both forearms when a vein was underneath com-
pared to only the skin.

As for the female subject, measurements were accordingly
selected on locations similar to the male subject’s on the left
and right forearms, as shown in Fig. 11. Measurements were
repeated five times in each location for repeatability, and the
resonant frequency for each measurement was compared in
Fig. 12(a) and (b) for the left and right forearms, respectively.
The five measurements in the left forearm with a vein un-
derneath were 3.551, 3.497, 3.575, 3.461, and 3.527 GHz,
with an averaged resonant frequency of 3.522 GHz. For the
case without a vein underneath, the five measured resonant
frequencies were 3.737, 3.768, 3.701, 3.737, and 3.713 GHz,
with an average value of 3.731 GHz. The variation ranges
were 114 and 66 MHz with and without a vein underneath.
In the right forearm of the same female subject, with a vein
underneath, the averaged resonant frequency was 3.569 GHz
from five measurements at 3.581, 3.599, 3.527, 3.569, and
3.569 GHz, while the one without a vein underneath was
3.736 GHz, which was averaged from 3.816, 3.737, 3.683,
3.695 and 3.749 GHz. The variation ranges were 72 and
13 MHz with and without a vein underneath. The frequency
variation was an average value of 96 MHz in the same
location. In the measurements on the female subject, there
was an average of 188 MHz shift between the cases with
and without a vein underneath. The distinguishable frequency
shift indicated if there was a vein underneath. Additionally,
the overall resonant frequency values, including both with and
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FIGURE 12. Comparison of measured resonant frequencies for the female
subject with and without a vein underneath. Measurements were repeated
five times in each Location on the (a) left and (b) right forearms.

without a vein underneath, were roughly 200 MHz higher
compared to those on the male subject. It was expected be-
cause the female skin, with less relative thickness, had a lower
tissue dielectric constant, as mentioned earlier in [77], [78],
[79], leading to higher resonant frequencies.

B. MEASURED LOCATION EFFECTS

Under the skin, thicknesses of the epidermis, dermis, and hy-
podermis layers can vary at different locations on the forearm
for an individual [81]. The thickness variations lead to varia-
tions of effective dielectric properties, causing changes in the
measured resonant frequencies. Additionally, the thicknesses
of different types of tissues also affect the pressure effects.
For example, the compression on the hypodermis/fat layer
may vary the tissue thickness more than the epidermis layer.
Thus, the body type with thicker layers of fat may experience
a larger range of permittivity change when the skin is pressed
by the sensor. Differences in curvatures on the forearm for the

variations without a vein underneath the forearms.

Reflection coefficients for each location were measured five
times. Fig. 13 shows the comparison of measured resonant
frequencies on the various skin locations. The measured res-
onant frequencies roughly overlap with the average values of
3.46 GHz, 3.51 GHz, and 3.52 GHz from the distal, middle,
and upper regions, respectively. There is a 60 MHz frequency
shift, averaged from 5 data, between the distal and upper
regions on the forearm. It is almost negligible compared to the
frequency shift of around 250 MHz between the cases with
and without a vein underneath. This indicated the different
measured locations on the forearms did not have a significant
effect on detecting the vessels underneath. The distinguishable
resonant frequency shift was primarily due to the presence of
blood vessels.

C. ARTERY DETECTION

Accidental arterial puncture often results in serious complica-
tions and patient distress. It is a prevalent and severe issue for
venipuncture [17], [82], [83]. This occurrence is likely when
inexperienced caregivers inadvertently mistake an artery for
a vein or the distribution of vessels is not clear visually. In
some cases, identifying a superficial blood vessel as an artery
or vein is not easy, even for an experienced anesthetist [84].
In an emergency situation when antiepileptic drugs can only
be administered intravenously for pediatric patients [85], a
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FIGURE 14. Measured locations for arteries in the male and female
subjects with the NIR image references.

successful venipuncture for intravenous infusion without ar-
terial puncture is critically important. The radial artery is one
of the arteries with the most mistaken arterial punctures [86],
[87], especially near the wrist [88], [89], [90], [91]. Thus, the
radial artery in the wrist is targeted for measurements in our
experiment to investigate if the tuned sensor can distinguish
or locate the artery.

The artery, with a larger vessel diameter [88], has higher
effective dielectric properties within the sensing field volume
from the sensor than veins. Experiments for artery detection
were conducted on both male and female subjects. A mea-
sured site was selected on the wrist artery in the left forearm
for each subject, confirmed with the assistance of the NIR vein
finder, as shown in Fig. 14, for both male and female subjects.
Measurements were repeated five times in each location. The
sensor was removed and placed again on the skin for each
measurement. The resonant frequencies at the sites on the
same forearm with a vein underneath, with an artery under-
neath, and without both are compared in Fig. 15(a) and (b)
for male and female subjects, respectively. On average, a
192-MHz frequency shift was observed for the male subject
between the vein and artery measurements with resonant fre-
quencies of 3.226 GHz and 3.034 GHz. An average 423-MHz
frequency shift between 3.457 GHz and 3.034 GHz for skin
and artery measurements for male. For the female subject, it
was 220 MHz between 3.522 GHz and 3.302 GHz for vein
and artery measurements, while a 429-MHz frequency shift
between 3.731 GHz and 3.302 GHz for the skin and artery
measurements. Based on different resonant frequency shifts
compared to skin measurements, the results indicate that the
tuned sensor can distinguish arteries and veins from the skin.
The result showed the feasibility of avoiding mistaken arterial
punctures.

IV. DISCUSSION

A. EXPOSURE SAFETY

Considering the sensor on the skin radiates electrical fields
into the tissues, the electromagnetic exposure safety concern
should be evaluated. While it emits non-ionizing radiation
without a worry for molecular changes or DNA damages that
could harm biological tissues like X-rays or gamma rays [92],
it has been known that high levels of RF radiation expo-
sure may still pose health risks [93]. The rapid heating of
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FIGURE 15. Comparison of measured resonant frequencies for the skin,
vein, and artery. Measurements were repeated five times in each
measured location on the (a) male and (b) female subjects.

biological tissues by RF energy has been linked to potential
harm. Federal Communications Commission (FCC) mandates
compliance with a Specific Absorption Rate (SAR) level of
1.6 watts per kilogram (W/kg) that is averaged over one gram
of tissues [94]. The ICNIRP guidelines specify a limit of
2 W/kg averaged over 10 grams of tissues [95]. To investi-
gate the SAR from the tuned sensor on the skin, simulations
were conducted. The input power from the source was set at
—5 dBm, the same as the PNA setting in the measurements.
The SAR field distributions in 2-D cross-sections inside the
tissues without a vein underneath are shown in Fig. 16(a) and
(b) as the top and side views, respectively, while Fig. 16(c)
and (d) show the top and side views with a vein underneath.
The vein diameter is 3 mm. The SAR levels have a maximum
value of 0.07 W/kg at the resonant frequency of 3.375 GHz
without a vein underneath and 0.08 W/kg at 3.375 GHz with-
out a vein underneath. The SAR levels in both cases are far
below the limits of 1.6 W/kg and 2 W/kg defined by FCC and
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ICNIRP. Therefore, the proposed sensors should be safe from
electromagnetic field exposure. The field distributions show
that the energy does not penetrate through the forearm and is
limited in localized areas. Thus, there should not be a concern
about the energy affecting other organs in the body.

B. DIELECTRIC PROPERTY MEASUREMENTS

The repeatable results in Section III manifest that skin with
a vein underneath has a higher effective permittivity, which
matches the theory as blood vessels contain higher water
content than cells. To the best of our knowledge, there was
no study that compares effective dielectric properties on the
skin with or without veins underneath. The theory and simu-
lation conducted in this study were based on the documented
dielectric properties of the skin, blood, and blood vessel wall
in [57]. The documented data were averaged from multiple
values obtained from separated or biopsied samples that might
not resemble the effective dielectric properties on the skin.
The samples were individualized, which meant they were not
integrated into a single living structure and without circulating
water/blood in them.

To further investigate our theory, direct measurements of
dielectric properties on the human forearm were conducted
using a coaxial probe kit (Keysight N1501 A). This mea-
surement will provide effective dielectric properties of the
connected tissues in the matrices under the skin instead of
separated samples from biopsies. The probe was placed on the
skin of the male’s forearm with and without a vein underneath,
as shown in Fig. 17. The measured sites were the same as
those for the resonator sensor and validated by the NIR vein
finder shown in Fig. 8(a) and (b). The measured dielectric
constant and conductivity are shown in Fig. 18(a) and (b).
The error bars show the data ranges from five measurements.
It was observed that the pressures on the skin affected the
measurement results due to the changes in the vein depths
caused by the pressure and compression of tissues, although
the probe was pushed lightly on the skin with the intention
of minimizing the data deviations from various pressures. The

Adjustable
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FIGURE 17. Setup of skin dielectric properties measurement using the
dielectric probe kit.
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differences in the effective dielectric properties between the
ones with and without veins underneath were distinguishable.
The measured site with a vein underneath has a higher effec-
tive dielectric constant and conductivity, as expected, due to
the high water content within the vein, resulting in a lower
resonant frequency when our sensor is applied.

There are clear discrepancies between the documented di-
electric properties from the biopsied samples [57], shown
in Fig. 3(a) and (b), and the measured results on the skin,
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shown in Fig. 18(a) and (b). Several factors need to be consid-
ered. First, the biopsied samples only represented individual
tissue properties. These samples were not the same as they
were in realistic physiological conditions. Second, the values
presented in [57] were calculated as averaged values sam-
pled from various subjects. The individual persons’ conditions
were unknown. The tissue compositions in individuals could
play an important role in affecting these tissues’ dielectric
properties. Third, the samples were individualized during the
microwave measurements. It is unclear if the fields from the
measurements were confined within the sample and isolated
from environmental effects.

The effective dielectric properties in the measurement vol-
ume are influenced by the tissue composition and also the
field distributions from the probe. The variations from above
mentioned effects seem to be limitless. Furthermore, in the
measurements of using a coaxial probe to evaluate the effec-
tive dielectric properties, although they give a holistic view
into the connected tissues, the results are person-dependent.
From Fig. 18, the average effective dielectric constants were
36.72—34.83 in the range of 3—4.5 GHz for the skin with
a vein underneath, as compared to 57.36—54.82 for blood
and 42.12—40.23 for the skin in Fig. 3. However, the av-
erage effective dielectric constants were 31.84—30.36 in the
range of 3—4.5 GHz for the skin without a vein underneath,
which was lower than 42.12—40.23 for the skin in Fig. 3. The
variation in tissue composition, including fat layers and their
thickness, capillary blood vessel densities, water content in
cells and epidermis layer thickness, could affect the overall
effective dielectric constants. As these factors are person-
dependent and it is difficult to design a sensing device that
relies on deterministic permittivity and conductivity inside the
tissues, this highlights the feature of sensing the differences
across the skin surface to identify the vein location. The
high-quality factor resonator, together with the distinguish-
able difference for the skin with and without a vein underneath
in Fig. 18, makes this detection possible without the necessity
of knowing the accurate values of dielectric properties in
individuals.

V. CONCLUSION
This work demonstrated a novel noninvasive vein finder based
on a tuned microwave loop resonator. It provides potentially a
low-cost, reliable, and convenient solution to address the per-
sistent challenges in venipuncture, especially for the cases of
difficult venous access. The planar loop resonator tuned with a
metal pad ensures a compact design suitable for wearables and
provides a high-quality factor of resonance for high sensitivity
to detect permittivity changes due to the existence of veins un-
der the skin. The utilization of low-power microwave sensing
on the distinctive dielectric properties between blood vessels
and tissues provides a high level of sensitivity and specificity.
Extensive simulations and experimental measurements on
male and female subjects confirm the sensor’s ability to detect
veins with consistently distinguishable resonant frequency
shifts. The repeatability across different forearm locations was

10

validated. The capability to differentiate between arteries and
veins demonstrates the robustness and potential to improve
venipuncture procedures, reduce complications, and enhance
patient comfort. Safety considerations for specific absorption
rates are addressed by simulations showing they are below
regulatory limits. Furthermore, direct measurements of di-
electric properties on human forearms, which have not been
documented before, validate the principle. This work verifies
the capability and performance of noninvasive detection of
vein locations by a planar loop resonator on the skin of the
forearm. The validation is performed with a vector network
analyzer to ensure accuracy. The next step will be the devel-
opment of an electronic system for detecting and locking the
resonance frequencies of interest when the sensor is placed on
the skin.
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