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Abstract —In this work, we design a wearable system providing
control of elbow extension in hemiparetic individuals
suffering from the post-stroke effects by stimulation of the
triceps brachii muscle. Proposed system uses low-cost
consumer grade MEMS accelerometer attached to the
individual’s forearm and measuring the tilt angle of the
forearm relative to the gravity vector. Flexing the elbow above
a predetermined threshold flexion angle triggers the triceps
electrical stimulation. Among other things, the system is
capable to transmit inertial data to external devices via
Bluetooth. The operability of the system has been validated
with healthy individuals and the results showed its potential
as a tool for upper extremity rehabilitation after stroke.

Index Terms — Accelerometer; functional electrical stimulation
(FES); microelectromechanical systems (MEMS);
rehabilitation; wearable sensors.

I. INTRODUCTION

TROKE is among the major health problems of the

adult population. Even with a favorable outcome, it is
far from always possible to return to work and a former
way of life. Many survivors are left with impairments and
disabilities of different severity requiring long-lasting
rehabilitation to improve. Typically, patients suffer from
one-sided weakness, known as hemiparesis. Often sufferers
develop pathological synergies, also known as Wernicke
Mann posture characterized by the upper limb flexed and
the lower limb extended and externally rotated.

The motor functions of the affected limbs can be
improved by intensive exercise and augmented feedback.
To address this problem, numerous devices have been
developed to facilitate recovering. Wladimir T. Liberson et
al. [1] were the first to apply short electrical pulses
(functional electrical stimulation, FES) via skin-surface
electrodes to activate weakened muscles of the foot during
the swing phase of gait thus supporting foot drop patients.
Proposed neuroprosthesis used artificial feedback based on
force sensing resistor deployed into shoe to detect foot-
floor contact and to automatically trigger a stimulation.
Later, the use of FES in the lower extremities of the body
has been investigated intensively and successfully adopted
for balancing, standing and walking correction [2, 3],

helping to improve the lifestyle of neurologically impaired
individuals.

Along with other treatments targeting motor and sensory
functions, improving the function of the upper limbs is
crucial for the patient’s rehabilitation since hands and arms
are involved in the majority of the basic activities of daily
living. In this respect, FES application to upper motor
rehabilitation has the following therapeutic goals [4, 5]:
facilitating recovery process, maintaining or enhancing the
trophic state of the muscles, modifying altered patterns of
automatic and volitional functional movement, reducing
spasticity, strengthening weak muscles, increasing range of
motion, improving motor control.

Among the early works that demonstrated the possibility
of using electrotherapy for restoring or improving grasping
function was transcutaneous hand neuroprosthesis system
proposed by Rebersek and Vodovnik [6]. This system used
three stimulation channels to generate the grasping
functions by stimulating the finger and thumb flexors and
extensors. It is worth mentioning that this device allowed
controlling the stimulation intensity through feedback from
the electromyography sensor, variable potentiometer and
pressure transducer. This work was quickly followed by
Merletti et al. [7] who described a similar system with
cutaneous electrodes implementing a two channel
functional electrical stimulation in order to improve the
hand opening and elbow extension in hemiplegic patients.

Many more stimulation systems for functional support of
the upper extremities have been developed since [8-17].
Summarizing, all existing upper-limb neuroprostheses
consist of a stimulator activating the muscles in the upper
limb, an input transducer, and a control unit [10].

More recent studies investigate the implementation of
new control methods and advanced MEMS sensors
technologies to  further facilitate FES clinical
implementation and enhance its efficiency. In particular
inertial MEMS sensors, such as accelerometers and
gyroscopes were introduced for providing the input data
needed for FES control [17].

While many devices have been developed to facilitate
hand rehabilitation, only few address both posture and
function correction in proximal arm while also enabling
work in motion. Assistive systems existing at the present
time work mainly with distal arms having limited use for
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persons with severe paresis, moderate / severe cognitive
impairment, depression. Therefore, additional research and
development is required in this field to improve upper
extremity rehabilitation technology.

Il. PROBLEM FORMULATION

One of the FES main focuses for upper limb is elbow
extension [18, 19] which assumes bringing the forearm of
the impaired limb back to anatomical position. Point is that
the elbow position control is often impaired in patients with
hemiparesis due to deficit of the antagonistic muscles
regulation. While the elbow flexors are spastic, the elbow
extensors are weakened.

To achieve elbow extension a FES-based assistive device
should provide measuring the elbow position and activating
the contraction of the triceps brachii muscle when the
elbow angle is above than the specified threshold value.
This can be done by attaching to an individual's forearm a
tilt sensor triggering the stimulation according to the
measurement, as shown in Fig. 1. Along with the tilt
sensor, a stimulator fitted with electrodes is attached to the
forearm. Electrical stimulation of the triceps muscle
induces extension force which exerts elbow extension.
Control is achieved through the relationship between the
position of the forearm and the intensity of stimulation.

Fig. 1. The proposed wearable rehabilitation system. The rehabilitation
device attached by the strap to an individual's forearm uses a tilt sensor to
trigger elbow extension when the elbow angle is above a predetermined
threshold.

I11. DESIGN CONSIDERATIONS

A. Measurement Unit

Implementation of the described rehabilitation system
requires an elbow position transducer to measure the elbow
angle and generate a command signal for elbow extension.
Due to their small size and low power consumption,
MEMS-based inertial sensors are well suited for this role.

The simplest approach to elbow angle tracking assumes
calculating the tilt of the MEMS accelerometer from the
vertical defined by the gravity vector direction (Fig. 2). The
advantage of this method is its insensitivity to alignment
errors of the measurement unit relative to the forearm.
Therefore, no pre-calibration of the measuring system is

required after it has been donned. However, due to the lack
of a reference orientation, an obvious disadvantage is the
inability to distinguish between different anatomical
rotations and to ensure the absolute value of the angle.
Nevertheless, for exercises implying a vertical position of
the patient this method is quite acceptable.

g
Fig. 2. Coordinate system of the accelerometer. Three mutually
perpendicular axes (X, Y and Z) intersect at the point O. Z-axis is
orthogonal to the horizon.

Assuming slow motions, MEMS accelerometer provides
only the X, Y and Z components of the gravity vector: ay,
ay, az. Then the tilt angle between the gravity vector and
the Z axis of the accelerometer (and forearm it is attached
to) can be calculated from the accelerometer’s outputs
using the following expression [20]:

2 2
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The task of converting the raw acceleration data into the
tilt angle value is performed by the microcontroller unit
(MCU).

B. Configuration of the Stimulation Unit

Electrical stimulation unit consists of DC-DC boost
converter and full bridge output stage. Step-up DC-DC
voltage converter boosts the battery’s 9V supply by 3
times at the output stages, which is required for muscles
excitation. Command pulses from the controller drive
output stage. To avoid MCU damage the outputs of the
measurement unit are galvanically isolated from the
stimulation unit using optocouplers.

To meet the charge balance requirement, a symmetrical
two-phase waveform was chosen as the pulse shape for
stimulation.

IV. PRACTICAL IMPLEMENTATION

Prototype of the proposed FES system consists of a
control/measurement and electrical stimulation units,
surface conductive electrodes and cabling (Fig. 3). The
overall system operates by a single 9V battery.

Measurement unit is mounted in a custom designed case
approximately 7.2x5.6x2.5 c¢cm. The control/measurement
unit is presented by the board 9DoF Razor IMU MO
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equipped with MPU9250 multi-chip module from
InvenSense Inc. It collects inertial data with sampling rate
100 Hz. The onboard algorithm carries out preliminary
calibration and processes inertial measurements data
stream. Measured accelerations and calculated tilt angle
can be transferred via UART to Bluetooth module and then
wirelessly to a computer. Thus monitoring of the
rehabilitation progress is possible after each training
session.
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Fig. 3. FES system includes control/measurement and stimulation units, a
power supply, accelerometer and a means for providing Bluetooth
wireless communication. Based on signals received from accelerometer,
MCU determines the tilt angle of a user's forearm (i.e., the angle between
the user's forearm and a gravity vector), and provide electrical signals to
electrodes at appropriate times.

Testing of the controller algorithm performance was
carried out visually on healthy subjects. For this purpose
measurement unit was attached to the forearm of the
subject’s affected arm using adjustable strap so that the Z-
axis of the measurement unit was approximately aligned
with the longitudinal axis of the forearm. Raw acceleration
data and calculated value of the tilt were simultaneously
sent to the computer via Bluetooth interface. Fig. 4
illustrates the changes in tilt angle that occur when
flexing/extending the elbow.
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Fig. 4. Measurement unit output example. The threshold angle is set to 30°

Fig. 5 depicts the prototype of the stimulation unit. To
switch the polarity of a stimulus pulses we used a L298N
H-bridge built with bipolar junction transistors. MC34063
switching regulator serves for DC-DC conversion. The
resulting circuit produces biphasic stimulation pulses at
predefined width and frequency can be operated in a
single-channel configuration with a 25 mA stimulation
current.

Fig. 5. Electrical stimulation unit.

To check the output pulses sequence generated by the
stimulation unit, the output signals were applied to a
resistive load, after which the voltage signals on the resistor
were measured with an oscilloscope (Fig. 6). The output
delivers approximately 55 V peak-peak for a 1 kQ load.

0.1 ps/div
10 volts/div

Fig. 6. Stimulation unit output example. The stimulation frequency is set
to 50 Hz, and the pulse width is 250 ps.

V. CONCLUSION

Rehabilitation system has been developed to provide the
post-stroke individuals with control of elbow position. The
experiments performed indicate the feasibility of the
proposed system: it allows to perform rehabilitation
procedures that require only minimal participation by the
therapist, and is potentially suitable for home use. More
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detailed clinical tests providing a quantitative measure of
the system effectiveness and functionality are under
development. Further work is planned in determining the
optimal electrical stimulation parameters for developing
elbow extension movements during rehabilitation
procedures. Correspondingly, the implemented technical
solutions have to be thoroughly verified for insurance of
patient safety. Finally, robust algorithmic schemes should
be developed in order to enable the system operation under
the limitations of the real clinical case scenarios.
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