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Abstract— This work introduces a novel approach for monitoring
joint flexion. Specifically, Radio-Frequency coils (in transmitting
and receiving modes) placed symmetrically about the joint are
proposed to monitor flexion by leveraging changes in the
transmission coefficient as the limb flexes and extends. To
demonstrate the idea, simulations in a cylindrical and
homogeneous limb model are performed. Results clearly show the
feasibility of monitoring joint flexion/extension using the
proposed approach. This provides a new way of monitoring joint
flexion while overcoming shortcomings in the state-of-the-art.
Numerous medical and consumer applications may eventually
benefit from the proposed approach.

1. INTRODUCTION

Human subjects move continuously while performing
diverse daily activities. In certain cases, movement patterns are
intentional, e.g., during running, walking, cooking, or playing.
In other cases, movement may be unintentional, e.g., for
patients with motor disabilities, such as Parkinson’s. Finally,
there are cases where movement may unintentionally get
distorted (e.g., during sports accidents), leading, in turn, to
subsequent neuromuscular and/or brain injuries. Expectedly,
the ability to monitor human motion during all aforementioned
scenarios can enhance our current understanding of healthy
movement patterns (baseline data), assist in personalized
treatment of patients with motor disabilities, help improve
athlete performance based on certain benchmarks,
revolutionize human-computer interfaces, and more.

To date, several technologies have been reported for
monitoring human motion. The standard of reference entails
Motion Capture (MoCap) Labs that rely on optical/infrared
cameras to track markers placed upon the body [1]. As
expected, this technology is used only in confined settings. As
an alternative, Inertial Measurement Units (IMUs) have been
reported for tracking human motion on the go. IMUs consist of
either one or combination of accelerometers, gyroscopes and
magnetometers [2], [3], and may currently be found in several
commercial products (smart watches, fitness bracelets, and so
on). However, IMUs suffer from inherent integration drift
caused by integrating acceleration and velocity to derive
position, require extensive calibration, and are far from
reliable. Finally, bending sensors have been reported for
monitoring joint flexion as recorded by the strain produced
upon the sensor [4]-[7]. Unfortunately, such bending sensors
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Fig. 1. Proposed RF coil configuration for monitoring joint flexion:
schematic of operating principle with Coils 1 and 2 circling around the
limb and acting as transmitter and receiver, respectively.

restrict natural movement of the joints and have limited life
cycle as attributed to mechanical wear over time.

To break the boundaries created by state-of-the-art
technologies, we herewith report a novel Radio-Frequency
(RF)-based approach for monitoring human motion. Since most
movement patterns are made possible by joints, our focus is on
joint motion monitoring, and, in particular, joint
flexion/extension. In brief, the proposed approach relies on RF
coils placed symmetrically about the joint to monitor flexion by
leveraging changes in the transmission coefficient as the limb
flexes and extends. In this paper, we present the basic operating
principle and proof-of-concept simulation results.

II.  OPERATING PRINCIPLE

Single-turn, copper-wire coils circle around the limb of
interest and are placed symmetrically about the joint, as shown
in Fig. 1 and Fig. 2. Referring to Fig. 1, coils are positioned
such that the center of Coil 1 (A) passes through the center of
Coil 2 (B), as well as through the center of joint flexion (C). As
the flexion angle (6 per Fig. 1) increases, the center of Coil 2
(B) moves along the trajectory to reach point B’ and so on. For
joint flexion monitoring, Coil 1 acts as a transmitter that emits
an RF signal, while Coil 2 acts as a receiver. As the joint
flexes, the transmission coefficient between the two coils
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Fig. 2. Cylindrical and homogeneous (2/3 muscle) limb model used in
simulations. Both coils are simulated with copper wire material.
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Fig. 3. Results displaying the variation of transmission coefficient (|Si|)
with flexion angle (0)

changes as well. In turn, changes in the recorded transmission
coefficient can be used to monitor joint flexion.

III.  SIMULATION SET-UP

As a proof-of-concept, simulations are performed using the
cylindrical arm model of Fig. 2, with a sphere used to emulate
the joint. The limb diameter is selected as 3.9 cm, as
corresponding to the size of an average arm. The limb-
simulating material is chosen as 2/3 muscle which represents
the average human body properties [8], [9]. Single-turn, copper
wire coils circle around the limb at an example Gap of 20 cm
(per definition in Fig. 2). The frequency of operation is selected
as 927 MHz, which corresponds to the self-resonant frequency
of the coils. At this frequency, both transmit and receive coils
act as loop antennas.

Numerical studies are performed using the frequency-
domain solver of Computer Simulation Technology Microwave
Studio™ (CST MWS). Simulations are performed while the
flexion angle () varies from 0° to 130° in steps of 10°.

IV. SIMULATION RESULTS

Simulation results are summarized in Fig. 3. Specifically,
Fig. 3 plots the transmission coefficient between Coil 1 and
Coil 2 as a function of the flexion angle at 927 MHz. As seen,
as the flexion angle changes, the transmission coefficient
changes accordingly. That is, each flexion angle has a

corresponding transmission coefficient value that can be used
to create one-to-one mapping.

The mapping identified in Fig. 3 can, eventually, be used to
retrieve the flexion angle based on the transmission coefficient
value obtained as the limb flexes or extends. This confirms the
feasibility of monitoring joint flexion using the reported
approach. Concurrently, our approach is not limited to confined
environments (unlike MoCap Labs), does not involve any
integration drift (unlike IMUs), and does not obstruct the
natural joint movement (unlike strain-based bending sensors).

V. CONCLUSION

In this paper, we introduced a new concept for monitoring
joint flexion using RF coils that circle around the human limb.
Simulation results for copper-wire coils acting as loop antennas
at 927 MHz and placed around a cylindrical arm model
confirmed the feasibility of our approach. The proposed coils
are envisioned to be realized on e-textiles and, eventually,
integrated into garments for seamless monitoring of joint
flexion on the go. By overcoming shortcomings in the state-of-
the-art, the reported approach brings forward unique
capabilities for numerous healthcare and sports applications,
among others.
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