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Antenna-Impregnated Fabrics for Recumbent
Height Measurement on the Go

Keren Zhu, Lisa Militello, and Asimina Kiourti, Member, IEEE

Abstract A novel class of antenna-impregnated fabrics is proposed for wireless and unobtrusive height measurement on the go.
Contrary to conventional infantometer and stadiometer technologies that restrict height monitoring to sporadic intervals, this
technology brings forward regular height monitoring with minimum impact to the individual’s activity. The proposed fabrics
consist of multiple dipole antennas placed at known distances from each other. When a subject lies upon the fabric, he/she
detunes the underlying antennas, inducing losses in the associated wireless transmission paths. Therefore, the subject’s height
can be calculated by identifying the two antennas with degraded transmission coefficients at the starting (head) and ending (feet)
points. For validation, a proof-of-concept 52cmx43cm fabric operating at 915 MHz is designed, fabricated and tested. Simulation
and in-vitro measurement results demonstrate the feasibility of retrieving the length of a 16-cm-long phantom, regardless of its
exact location upon the fabric. Concurrently, the proposed fabric is shown to conform to the Federal Communication
Commission guidelines for the Specific Absorption Rate (SAR). This technology can eventually be integrated into baby cribs,
bed sheets or rollable mats to provide early detection/monitoring of Turner syndrome, Crohn’s disease, short stature, Celiac
disease, growth hormone deficiency, and obesity, among others.
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I. INTRODUCTION!

ECENT studies indicate an increasing need for

monitoring human height on a regular basis,
particularly for assessing children’s health in their early
years [1], [2]. Growth monitoring may help to early identify
conditions that include, but are not limited to, Turner
syndrome [3], Crohn’s disease [4], growth hormone
deficiency (GHD) [4], short stature [5], Celiac disease [6],
and obesity [7]. Notably, failure to identify/treat these
conditions at an early stage is known to increase the risk for
several other health implications in future (short stature [8],
[9], high body mass index [10], low glucose tolerance [10],
distress [10], osteoporotic bone loss [11], etc.).

Existing practices for monitoring children’s height rely
on manual, time-consuming, inefficient, and rather
cumbersome measurements. As an example, the standard
height measurement process for children under 24 months
entails the use of an infantometer [12]. The latter requires
two anthropometrists to record the height of a child: one
keeps the child’s head snugly so that it touches a fixed
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vertical plank, while the other presses over the knees,
places a second moveable plank at the end of the feet, and
records the height [13]. At older ages, height is typically
measured using a tape measure or a stadiometer. Though
straightforward and simple, these methods are still
time-consuming and prone to measurement errors. The
American Academy of Pediatrics recommends monitoring
children’s height per the periodicity schedule reported in
[14]. Such data should, eventually, be compared with the
World Health Organization growth standards (0-2 years old)
or the Centers for Disease Control and Prevention growth
charts (> 2 years old) to identify abnormal growth [15].
Depending on the diagnosis, a treatment plan is finally
employed that should, in turn, involve regular (per case)
height monitoring (e.g., at least 4 times per year for GHD
therapy) [16]). However, in practice, the proportion of
well-child visits declines with age, and is far less for
uninsured children [17]. Thus, current approaches to
regularly monitor height are inefficient and have the
potential to be improved with technological advances.

An automated way of unobtrusively monitoring height on
a regular basis would offer unprecedented opportunities in
monitoring children’s growth and providing early detection
/prevention of related disorders [18]. With this in mind, we
are proposing a new class of antenna-impregnated fabrics
for wireless recumbent height monitoring on the go. In brief,
the proposed fabrics consist of multiple dipole antennas
placed at known intervals/distances from each other. The
two antennas placed at the ends of the fabric are
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transmitting (one at a time), while the rest are receiving.
When a subject is lying upon the fabric, he/she detunes the
underlying antennas, inducing losses in the associated
wireless transmission paths. Therefore, the subject’s height
can be calculated by identifying the two antennas with
degraded transmission coefficients at the starting point
(head) and ending point (feet) of the human body,
respectively. In the past, we have explored the use of
adjacent dipole antennas printed upon flexible substrates
(fabrics, polymers, etc.) for deep-tissue imaging
applications [19], [20]. However, this is the first time that
unobtrusive and wireless height measurement is explored
via the use of antenna-impregnated fabrics.

In this paper, we present a proof-of-concept
demonstration of the proposed antenna-impregnated fabrics
for recumbent height monitoring. The developed fabric
occupies 52 cm x 43 cm, and consists of 16 dipole antennas
placed at 2 cm distance from each other. The latter implies
a 2-cm-resolution in retrieving the height/length of a
subject/phantom placed upon the fabric. Of course, denser
dipole placement can be implemented in future to realize
higher resolution. For example, ~1-cm-resolution, that is
within the error range of currently used height monitoring
techniques for children [21], can be achieved just by
doubling the number of dipole antennas. In turn, this
implies a trade-off between computation time and
resolution, to be optimized per the application in hand. For
wireless operation, the 915 MHz band is selected, as: a) it is
an Industrial, Scientific, and Medical (ISM) applications
band [22], and b) its associated wavelength ensures a
reasonable dipole length for the intended application (i.e.,
the antennas should be long enough to be covered by the
overlying phantom, while still ensuring a reasonable size
for the overall fabric). Finite Element (FE) simulations and
in-vitro measurement results demonstrate the capability of
the proposed fabric to accurately detect the length of a
16-cm-long tissue-emulating phantom placed upon its
surface. Notably, this recumbent height detection capability
is not limited in any way by the exact placement of the
phantom upon the mat (e.g., phantom placed in the middle
of the fabric vs. phantom placed towards the edge of the
fabric). Even more importantly, the proposed concept is
scalable to any desired fabric size and any desired accuracy
(viz. inter-antenna distance), per the application
requirements. Specific absorption rate (SAR) performance
and conformance to Federal Communications Commission
(FCC) guidelines for human safety [23] are also taken into
consideration. To our knowledge, this is the first time that a
wireless and unobtrusive solution is proposed for height
monitoring on the go.

Expectedly, the proposed antenna-impregnated fabrics
can be integrated into several usage scenarios for recumbent
height monitoring. Examples include: a) bed sheets that
unobtrusively collect digital height data for children; b)
smart baby cribs that monitor baby growth on a continuous
basis; c) rollable mats that can be hang on the wall or
placed upon the floor to measure the height of the overlying
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subject, etc. For young children, the process of maintaining
a straight posture, as required for height measurement via
the proposed technique, is straightforward. For infants,
assistance will still be needed to some extent. However,
instead of two anthropometrists currently needed to operate
an infantometer, only one person will now be required,
while the measurement can further be performed inside a
home rather than a clinical environment. In another
envisioned scenario, the fabrics could collect measurements
throughout the infant’s sleep, and eventually record height
as the highest value measured, e.g., overnight (assuming
that the infant changes postures during sleep, the longest
dimension recorded would be that of the infant in straight
position). The collected data could eventually be wirelessly
transmitted (e.g., through Bluetooth) to a nearby cell phone
or other Personal Digital Assistant (PDA) device. Overall,
the proposed design brings forward transformational
opportunities for monitoring human growth, promising to
reform existing healthcare monitoring practices and
promoting a better quality of life for individuals.

II. METHODS AND PROCEDURES

A. Operation Principle

The operation principle of  the proposed
antenna-impregnated fabrics is summarized in Fig. 1. As
seen in Fig. 1(a), the fabric consists of multiple dipole
antennas (N in number) placed at known intervals/distances
from each other (d). In order to enlarge the surface area
where the subject may lie upon the fabric for recumbent
height measurement, asymmetric feeds are selected for the
antennas (i.e., one dipole arm is longer than the other). In
addition, a ground plane is added underneath the fabric to
avoid any disturbance from the per-case underlying surface
(e.g., fabric lying upon a wooden vs. metal-based surface).

The two antennas at the opposite ends of the mat are
transmitting (Tx), one at a time, while the rest are receiving
(Rx). The 915-MHz-band is selected for this wireless
transmission, as discussed above. When a subject/phantom
is placed on top of the fabric, the former will detune the
underlying antennas, inducing losses in the associated
wireless transmission paths. Therefore, the subject’s height
(or, equivalently, the phantom’s length) can be calculated
by identifying the two antennas with degraded transmission
coefficients at the starting point (head) and ending point
(feet) of the human body, respectively.

As shown in Fig. 1(b), height measurement via the
proposed antenna-impregnated fabrics is enabled via a
four-step process:

* Step 1: Front baseline sweep. This sweep is performed
without the presence of any subject/phantom upon the mat.
In this case, antenna #/ is transmitting, while the rest
(antennas #2 to #N) are receiving. In doing so, a set of
front-scan baseline transmission coefficient values are
obtained, viz. |S2y]|[,, |S3J|b '~-|SN,1|17~

* Step 2: Back baseline sweep. This sweep is again
performed without the presence of any subject/phantom
upon the mat. In this case, antenna #N is transmitting, while
the rest (antennas #/ to #N-1) are receiving. In doing so, a
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Fig. 1. Operation principle of the proposed antenna-impregnated
fabrics: (a) design, and (b) four-step measurement process for deriving
the length of the overlying phantom.

set of back-scan baseline transmission coefficient values are
obtained, viz. |SN-1,N|b, ‘SN-Z,N|b- .. ‘SI,N|b-

* Step 3: Front sweep for starting point identification. The
subject/phantom is placed upon the mat, and the aim is to
identify its starting point location. To do so, antenna #/ is
transmitting, while the rest (antennas #2 to #N) are
receiving. Sequential transmission coefficient
measurements are obtained, starting with antenna #2 (|S> ),
and moving on up to antenna #/ (|S;,|). Here, #/ refers to the
first antenna that exhibits a significantly lower transmission
coefficient value as compared to its corresponding front
baseline sweep value of Step 1. In our design, the target
difference for the aforementioned transmission coefficient
values is > 5 dB in absolute value. Antenna #/ is identified
as the starting point of the subject/phantom upon the fabric.
* Step 4: Back sweep for ending point identification. The
subject/phantom is placed upon the mat, and the aim is to
identify its ending point location. To do so, antenna #N is
transmitting, while the rest (antennas #/ to #N-I) are
receiving. Sequential transmission coefficient
measurements are obtained, starting with antenna #N-/
(ISn-2.M), and moving on up to antenna #J (S, |, where J >
I). Here, #J refers to the first antenna that exhibits a
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Fig. 2. Design parameters of the proposed proof-of-concept design.

significantly lower transmission coefficient value as
compared to its corresponding back baseline sweep value of
Step 2. Same as in Step 3, our target difference for the
aforementioned transmission coefficient values is > 5 dB in
absolute value. Antenna #/ is identified as the ending point
of the subject/phantom upon the fabric.

The height of the subject (or, equivalently, the length of
the phantom) can eventually be calculated as:

Height = [(J-D + 1] xd (1)

B. Simulation Set-Up and Proof-of-Concept Fabric Design

For validation, a proof-of-concept fabric was designed,
fabricated and tested. As shown in Fig. 2, our
proof-of-concept fabric occupied a footprint of 52 cm x 43
cm, and consisted of 16 dipole antennas placed at 2 cm
intervals from each other. Felt (¢, = 1.45, 6 = 0 S/m) and
flexible foam (g, = 1, 6 = 0 S/m) were selected as the fabric
and substrate materials, respectively. Thickness of the felt
fabric was set equal to 2 mm to match the thickness of the
corresponding material available in our lab.

The rest of the design parameters, viz. dipole dimensions
and substrate thickness were optimized using Finite
Element (FE) simulations in Ansys HFSS. The design goal
was to concurrently achieve: a) reflection coefficient values
of <-10 dB for all antennas at 915 MHz, and b) a difference
of > 5 dB between |S;;| and |S;,|5, as well as between |S ]|
and |S;nlp, defined in Section ILA. The latter requirement
was determined via a series of simulations that considered
various phantom shapes/sizes. For this proof-of-concept
study, the phantom is emulated as a square-footprint box,
occupying a surface area of 16 cm X 16 cm, and exhibiting
properties equal to the average of human tissues at 915
MHz (g, = 56.8, o = 1.07 S/m) [23]. Such single-tissue
canonical phantoms have extensively been employed in the
literature to emulate the average properties of the human
body [24] and head [25], among others. More accurate
multi-layer and/or anatomical phantoms will be pursued in
future. In an attempt to simulate a worst-case scenario, the
phantom’s thickness is selected to be equal to only 1 cm.
Expectedly, thicker phantoms are anticipated to exhibit
much more pronounced differences between the intended
transmission coefficient values. The 0.5-mm gap between
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Fig. 3. Fabricated fabric prototype and in-vitro experimenta set-up.

TABLEI
AVERAGE-BODY PHANTOM RECIPE AT 915MHZ [23]
Ingredients % by weight
Water 56.0
Salt (NaCl) 0.76
Sugar 41.76
HEC 1.21
Bactericide 0.27

the fabric and the phantom introduced by the container
itself is negligible and can rather emulate the presence of
clothing worn by the subject. Preliminary simulations for
even thicker gaps have indicated no deterioration in the
achieved performance. Perfect electric  conductor
boundaries were assigned to all metal surfaces, including
the antennas and the ground plane. Radiation boundaries
were set at a distance of > A/4 away from the structure (free
space wavelength at 915 MHz (M) = 32.7cm, implying that
M4 = 8cm). The optimized design parameters of our proof
of concept prototype are summarized in Fig. 2.

C. In-Vitro Measurement Set-Up

In-vitro measurements were conducted to validate the
simulated design and performance. Our proof-of-concept
antenna-impregnated fabric prototype is shown in Fig. 3,

and was fabricated using the optimized dimensions of Fig. 2.

Specifically, 2-mm-thick felt (¢, = 1.45, ¢ = 0 S/m) and
2-cm-thick foam (g, = 1, 6 = 0 S/m) were used to realize the
fabric and substrate, respectively. For this proof-of-concept
design, copper tape was used to realize the antennas and
ground plane, respectively. As seen in Fig. 3, green tape,
with properties similar to free-space, was used to secure the
antennas upon the fabric and avoid potential delamination.
In future, textile-based antennas could be directly
embroidered upon the fabric [26]-[29]. Our prior work has
demonstrated that E-textile prototypes exhibit the same RF
performance as that of their copper equivalents [23]-[26].
As such, dipole embroidery via E-threads is anticipated to
be a straightforward process, yet outside the scope of this
specific work. Also, the fabric may in future be coated with
breathable thermoplastic polyurethane [30], [31] to
overcome potential issues associated with moisture trapping
[32], [33]. The latter is anticipated to require only a minor
fine-tuning of the antenna design so as to take the
superstrate-coating into account.

http://dx.doi.org/10.1109/JERM.2018.2809572

SCENARIO A: Phantom
placed at top of the fabric,
covering dipoles #3 to #10

SCENARIO B: Phantom placed
in the middle of the fabric,
covering dipoles #5 to #12

SCENARIO C: Phantom placed
at the end of the fabric, covering
dipoles #7 to #14

Fig. 4. Measurement scenarios for retrieving the phantom length when
placed at different locations upon the fabric.

Transmission coefficient measurements were obtained
using a 2-port network analyzer connected to the
corresponding dipole antennas via coaxial cables. The
output power for the network analyzer was set to -30dBm
(10 uW). Port 1 of the network analyzer was connected to
the transmitting antenna, while port 2 was connected to the
receiving antennas one at a time, as shown in Fig. 3. For
this proof-of-concept prototype, SMA connectors were
soldered to each of the ports, and further connected to
bazooka baluns for enabling unbalanced operation. Loads
of 50 Q were connected to each of the “open” antenna ports
to prevent them from re-radiating. A liquid phantom was
prepared that emulated the average human body properties
at 915 MHz (g, = 56.8, ¢ = 1.07 S/m) [23]. The phantom
consisted of water, salt, sugar, Hydroxyethyl Cellulose
(HEC) and bactericide, as shown in Table 1 [23]. To
accurately emulate the corresponding simulation scenario,
the phantom occupied 16 cm x 16 cm x 1 cm (covering 8
antennas upon the fabric).

III. RESULTS

A. Proof-of-Concept Fabric Validation

To validate our design, we aimed at identifying the
length of the phantom (i.e., 16 cm) when placed upon the
developed proof-of-concept antenna-impregnated fabric. A
key concern in this case is to ensure that the phantom’s
length can be accurately retrieved regardless of its exact
position upon the fabric. Along these lines, three scenarios
were tested in both simulations and measurements. For
Scenario A, the phantom was placed near the top of the
fabric, blocking antennas #3 to #/0 (see Fig. 4(a)). For
Scenario B, the phantom was placed approximately in the
middle of the fabric, blocking antennas #5 to #12 (see Fig.
4(b)). For Scenario C, the phantom was placed near the end
of the fabric, blocking antennas #7 to #14 (see Fig. 4(c)).
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Fig. 5. Difference in transmission coefficients between the baseline
measurements and the measurements with an overlying phantom: (a)
phantom placed upon antennas #3-#10, (b) phantom placed upon
antennas #5-#12, and (c) phantom placed upon antennas #7-#14.

Measurement and simulation results are super-imposed in
Fig. 5 for all three scenarios of Fig. 4. Notably, insignificant
discrepancies are observed between simulations (dotted
lines) and in-vitro experimental results (solid lines).
Specifically, Fig. 5 plots the difference in the transmission
coefficient values between the baseline case vs. the case
where the phantom lies upon the mat for both the front and
back sweeps described in Section II. The starting and
ending points of the phantom can be clearly identified by
the antenna location in each sweep where the transmission
coefficient exhibits a significant decrease. Specifically, as
discussed in Section II, when the drop of the transmission
coefficient vs. its corresponding baseline value is higher
than 5 dB, then the starting and ending points of the
phantom have been identified.

—
o

— Experiment baseline
— Simulation baseline

—- Experiment blocked
---- Simulation blocked |/

1
S

&
=]

Transmission Coefficient [dB]
A
[

700 800 900 1000 1100 1200
Frequency[MHz]

Fig. 6. Transmission coefficient frequency response for Scenario A,
assuming that antenna #1 is transmitting and antenna #3 is receiving.

(b)

(a)
E B

Fig. 7. Realized gain patterns exhibited by antenna #3 in Scenario A:
a) without phantom, and b) with phantom lying upon the mat.

Indeed, for Scenario A, Fig. S5(a) indicates that the
phantom extends between dipoles #3 and #/0. As such, and
based on Eq. (1), the length of the phantom is found to be
equal to 16 cm, which is indeed the case. An example
transmission coefficient frequency response is shown in Fig.
6. In this particular case, antenna #1 is transmitting, while
antenna #3 is receiving. Both simulation and experimental
results are shown for the case when no phantom lies upon
the fabric vs. the case when a phantom covers antennas #3
to #10. Discrepancies between simulations and
measurements may be attributed to fabrication errors and
losses associated with the realistic ~measurement
environment (green tape used to secure the antennas,
surrounding objects in the testing space, etc.). The 3-D
realized gain radiation patterns exhibited by antenna #3 in
these two cases are shown in Fig. 7 (assuming the
coordinate system defined in Fig. 1(a)). Similarly, for
Scenario B, Fig. 5(b) indicates that the phantom extends
between dipoles #5 and #12, while for Scenario C, Fig. 5(c)
indicates that the phantom extends between dipoles #7 and
#14. Thus, Eq. (1) again indicates that the correct phantom
length of 16 cm is again retrieved. That is, in all cases, the
fabric was able to detect the starting and ending points of
the phantom, and, thus, retrieve its length. Even more
importantly, the phantom length could be accurately
retrieved regardless of its exact positioning upon the fabric.
All aforementioned measurements were repeated at least 3
times, and height was accurately retrieved in all cases. Of
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Fig. 8. SAR|, distribution inside the phantom of Scenario A assuming
an input power of 10pW: (a) antenna #1 is transmitting (front sweep)
(b) antenna #16 is transmitting (back sweep).

course, the resolution was as high as 2 cm, as dictated by
the employed antenna separation distance.

B. SAR Performance

As is well-known, the FCC safety guidelines for human
exposure to electromagnetic fields limit the SAR averaged
over any 1 gr of tissue to SAR;, < 1.6 W/kg [23]. With this
in mind, SAR simulations were performed in ANSYS
HFSS to evaluate compliance of our proof-of-concept
fabric design vs. the aforementioned guidelines.

To do so, the phantom mass density was set to 1.04
gr/cm’ [34], and the antenna input power was set to 10 pW
to match the corresponding power level used in Section
III.A. Of course, the maximum allowable power levels are
to be determined by FCC regulations, as will be discussed
next. The maximum SAR;, values recorded for all three
scenarios of Fig. 4 are summarized in Table II. As an
example, Fig. 8 plots the SAR,, distribution within the
phantom for an input power of 10 uW. Both the front sweep
(Fig. 7(a)) and back sweep (Fig. 7(b)) cases are provided,
demonstrating, expectedly, higher SAR, values at the areas
closer to the corresponding transmitting antennas. It is
noted that even for Scenario B, where the middle-lying
antennas are covered (#5-#12), the phantom was actually
placed a bit off the symmetry axis, and lying closer to
antenna #16. In turn, the maximum allowable input power
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levels that still guarantee conformance with the FCC
limitation are also given in Table II. It is worth noting that,
though the FCC does not differentiate its standards based
on child vs. adult exposure, the American Academy of
Pediatrics [35] and the U.S. GAO [36] support their future
reassessment for children. Indeed, children/infants are
different than adults in terms of size and anatomy, and
several studies have compared their associated RF exposure.
For example, [37] concluded that cell phones generate
higher SAR levels in children’s heads, while [38] claimed
that the effects of even the same dose on the developing
brain of a child could be greater than adults. In any case,
and as demonstrated in Section III.A, the proposed device
can still operate at 10 pW input power, implying ~10° times
lower SAR, than that recommended by FCC.

TABLE II
SAR SIMULATION RESULTS

Max. SAR|, for an input Max. allowable input

power of 10 pW [W/kg] power by FCC [W]

Tx: Tx: Tx: Tx:

Ant. #1 Ant. #16 Ant. #1 Ant. #16

Scenario A | 1.05¢10° | 5.02¢10° 15W 31W
Scenario B | 4.92¢10° | 7.15¢10° 315w 22W
Scenario C | 3.00°10° | 1314107 53W 12W

IV. CONCLUSION

A novel class of antenna-impregnated fabrics was
presented for recumbent height monitoring on the go. The
proposed fabrics consist of a multitude of dipole antennas
placed next to each other at known distances. Height can be
accurately derived by identifying the location of the
detuned antennas when a subject/phantom lies upon the
fabric.  Proof-of-concept  simulation and in-vitro
measurement results for a 52 cm x 43 cm fabric were in
good agreement and were shown to accurately derive the
length of a 16-cm tissue-emulating phantom. Even more
importantly, results demonstrated that height can be
retrieved regardless of the exact position of the phantom
upon the fabric (e.g., phantom placed in the middle of the
fabric vs. phantom placed towards the edge of the fabric).
Concurrently, our design was shown to conform with the
FCC standards for the SAR.

The proposed antenna-impregnated fabrics are scalable to
any size and/or accuracy requirements, as enabled by the
antenna number and intervals, respectively. Future work
will entail realization of robust prototypes using embroidery
of conductive E-threads straight upon the fabric, coating
with breathable thermoplastic polyurethane to avoid
moisture-trapping, simulations using realistically — shaped /
sized tissue models, denser dipole placement to increase
resolution, packaging/integration, and in-vivo validation.
Applications envisioned include unobtrusive integration
into baby cribs, children’s bed sheets or rollable mats to
provide early detection of length/height related disorders.
This is a game-changing alternative to existing infantometer
and measuring tape technologies that pose logistical
challenges to patients, parents, and health care providers.
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