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STUDY DESIGN: Proof of concept.

OBJECTIVES: Standard Functional Electrical Stimulation (FES) systems can enhance motor learning in people with tetraplegia
and are widely delivered by self-adhesive electrodes. Their limitations are dexterity, specific knowledge to place the electrodes
on muscles, need to fix electrodes when they lose the gel layer, and time. We designed a new FES system, using an existing
protocol of drinking-like movements, to the upper limb of a person with tetraplegia C5 that fits in any anthropometry and can

be easily produced. Furthermore, we tested the system to assess its effectiveness and users’ perception during FES

rehabilitation.
SETTING: Sao Carlos, SP, Brazil.

METHODS: A shell was designed with parametric design and fast-fabrication methods, and a stimulation unit and a
smartphone application were developed. Questionnaires assessed the perceptions of a patient and a physiotherapist, about the
usability of the new system in relation to standard FES. Kinematic data of drinking-like movements were collected from the
patient wearing both systems and compared with data from an aged-matched control subject.

RESULTS: The results are a personalized shell and an intuitive FES system, overcoming the limitations of standard FES. The new
system suggested better wrist-flexion control shown by the mean angles (—18.93°), then the other system (—59.35°), and

compared with the control (—10.97°).

CONCLUSIONS: Fast-fabrication with parametric design offers a promising alternative for personalizing FES systems, with
potential for home use. Further studies are required including randomized clinical trials.
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INTRODUCTION

Functional Electrical Stimulation (FES) is one of the techniques
adopted for the rehabilitation of people with spinal cord injury
(SCI) in clinical and home settings towards a better level of
physical and psychological functioning. It has been widely used
for non-invasively inducing muscle contraction by Neuromuscular
Electrical Stimulation, thereby enhancing the recovery of patients’
selected functions [1-5] and stimulating motor learning through
frequent and repetitive movements [6, 7.

Over the past two decades, Activities of Daily Living (ADLs)
based on FES with surface electrodes have been investigated and
improved towards upper extremity home rehabilitation [8-16].

Surface electrodes have been used in FES as textile electrodes
[17], knitted electrodes [15], electrode arrays [13, 18], and self-
adhesive gel electrodes [19-23]. However to being affordable,
surface self-adhesive electrodes have been widely applied in
clinical environments [24]. Although FES with self-adhesive
electrodes, henceforth called standard FES, works relatively well,
the way it is used is hindered by limitations such as time-
consuming manual positioning, dexterity and anatomical knowl-
edge for a proper electrode positioning [25], loss of adhesion to
the skin, which demands strips for fixation and compromises FES'

effectiveness, causing skin burns [24], large number of cables, and
size of some products [26]. Consequently, a system that fits
anyone and is easy to handle, comfortable, effective, and
affordable is desired.

Therefore, a proof-of-concept of a wearable FES system was
developed with the aim of being a potential solution to the
mentioned demands, such as being a portable and intuitive
system, being personalized in the sense of serving in any user
anthropometry, providing total adherence of self-adhesive
electrodes, including those without the gel layer, function
properly and be easily produced. Inspired in the wearable’s
features [27], the new system is mass-personalized in an
automated way and fits any anthropometry, thus becoming
affordable and easy of donning/doffing by a non trained person.
It delivers ADL from an existing FES protocol of drinking-like
movements developed by our research group—Laboratory of
Biomechanics and Rehabilitation of the Locomotive System, at
Unicamp [7, 20], for repetitive long-term training towards motor
learning of people with tetraplegia. The wearable FES was
developed with parametric design and fast-fabrication methods
[28, 29], and consists of a shell, a stimulation unit, and a
smartphone application (App).
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METHODS

Participants and ethics

As a proof-of-concept investigation, one patient and one control subject of
matching ages and one health professional participated. The participants
were a 45-year-old male with a traumatic tetraplegia C5 AIS A, under
standard FES ADL (clinical routine of 40 min total twice-weekly on both
upper limbs) since August 2007, a physiotherapist who had been working
with standard FES rehabilitation with a patient with SCI for 3 years, and a
46-year-old healthy female as a control subject. The exclusion criteria were
lesions on the skin of the upper limbs, cognitive deficit, inability to remain
seated freely in a wheelchair with back support, history of tendon transfer
surgery involving upper limbs, and musculoskeletal disorders in the upper
limbs. The tests, approved by the Research Ethics Committee of the
University of Campinas under registration number CAAE:
16552219.8.0000.5404, were conducted at the spinal cord outpatient clinic
of Clinical Hospital of Campinas (Brazil). All subjects signed a written
consent to participate.

Development of the wearable FES system

The new system was developed according to the Participatory Design [30]
method and by a focus group that included healthcare professionals,
patients with tetraplegia, engineers, and an architect. An automated
computational design methodology was created for personalizing the shell
(composed by 3-piece of hand, forearm and arm) for each user. The user’s
dominant upper limb with the electrodes was three-dimensionally
scanned by iSense (3D Systems, USA), according to a scanning protocol
developed by our research group Laboratory at the Biocybernetics and
Rehabilitation Engineering at USP. The shell was designed in a Grass-
hopper 3D (David Rutten at Robert McNeel & Associates, USA) graphical
algorithm editor associated with Rhinoceros 3D software (TLM Inc., USA).

The shell and the stimulation unit box were 3D printed with flexible
Thermoplastic Polyurethane and polylactic acid, respectively, by Flash
Forge—Guider Il printer (Flashforge3D technology Co., China) with Fused
Deposition Modeling technology.

A color scheme was developed for stimulation unit LEDs, electrode
cables, and channels in the App for corresponding activations. The self-
adhesive electrodes are fixed only once inside the shell with double-sided
tapes and replaced after losing their function.

The stimulation unit used a four-channel electrical stimulator powered
by two rechargeable lithium ion batteries 18,650 (4.2V, 9.8 A-h) to
generate stimuli via shell with self-adhesive electrodes. Four 100 ps long
pulses for each burst with a 100 us interval from a monophasic square
waveform generator of adjustable amplitude (between 30V and 70V, 1 kQ
load) were delivered at 25 Hz. The App set the ADL channel sequences and
activation of the stimulation unit via Wi-Fi router.

Qualitative analysis

Evaluations of the usability of the wearable FES compared with standard
FES were obtained from both physiotherapist and patient through
individualized questionnaires (see Supplementary Material) according to
Usability methods such as Think Aloud, observation, and application of
questionnaires [31, 32]. The assessments were conducted for 8 days during

(a) Step 1 - Reach (A-B)

(b) Step 2 - Grasp and
Raise

Fig. 1 FES cycle. a-d Steps of FES cycle with wearable FES system.

SPRINGER NATURE

the patient’s FES clinical routine at the outpatient clinic, with 20 min
sessions per day.

Kinematic analysis

Kinematic variables were collected from the patient during the
drinking-like ADL's FES training first by standard FES and then by the
wearable FES with the same self-adhesive electrodes (32 mm circular
and 90 x50 mm rectangular ones—ValuTrode, Axelgaard, USA). The
data were compared with results from the control, which run the
routine with no system.

The kinematic analysis comprised seven cycles divided into 4 steps of
ADL with the dominant right arm. Figure 1 shows (a) Step 1—Reach (from
A to B), (b) Step 2—Grasp and Raise (take the object to the mouth), (c) Step
3—Return the object to point B, and (d) Step 4—Release and Return (from
B to A). Steps 1 and 4 were performed without the object.

Data were collected by MotionMonitor™ equipment (Innsports, USA)
with 12 cameras (Vicon, USA) placed on the walls of the room (Fig. 4),
and markers reflecting infrared light placed on the chest, arm, forearm,
hand, and the object captured the movements. Kinematic variables
were measured at 100 Hz sampling frequency. Figure 2 displays the
coordinate system defined according to MotionMonitor equipment with
Y-axis directed forward, X-axis directed sideways, and Z-axis directed
upward.

The forearm was the reference axis for wrist movements and the arm
was the reference one for the elbow movement. Sagittal, transverse,
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Fig. 2 Coordinate system. (1) Cameras, (2) markers, (3) object, (A)
initial and end position of the hand, and (B) initial and end
positionof the object.

(c) Step 3 - Return (d) Step 4 - Release

and Return (B-A)
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and coronal planes were used as reference axes for shoulder move-
ments. Negative and positive angles were measured clockwise and
counterclockwise, respectively, according to the polar coordinate
system.

The angle values of the shoulder (flexion/extension, adduction/abduc-
tion, and rotation), elbow (flexion/extension), and wrist (ulnar/radial
deviation and flexion/extension) joints were measured during the tests,
and the 3D coordinates of the object were acquired. The measurements
enabled the calculation of angular speeds of the joints, trajectory, and
tangential speed of the object. Data were filtered by a 4th-order low-pass
zero-phase Butterworth filter at 6 Hz cutoff frequency.

Experimental setup

Figure 3 displays the patient during the drinking-like ADL and an overview
of the wearable FES system composed of a 3-piece shell (a, b, and ¢), the
stimulation unit (d), a smartphone (e) and a screenshot of channel setting
in the App (f). During the FES training, the control sat in a conventional
armchair and the patient sat in his wheelchair. Both individuals were
provided with a “table-like” base on the chairs, which held the forearm,
hand, and the object. The back was supported on the chair’s backrest at a
right angle. Four electrodes intended for the triceps, radial carpal extensor,
superficial flexor of the fingers, and thenars (abductor pollicis brevis,
adductor pollicis, flexor pollicis brevis, and opponens pollicis) muscle
groups, plus two reference electrodes were positioned on the wearable
FES and set during the training sequence in the App. The cup was
simulated by a plastic cylindrical object of 11 cm height, 4 cm diameter,
and 200 g mass. The initial joint angles of the participant’s shoulder, elbow,
and wrist were calibrated to zero.

Table 1 shows a summary of the FES stimulation protocol [7, 20] in each
step and the respective channels in the stimulation unit. The last row
shows the stimulation time used in each step.

The FES cycles lasted 9s each with a 10s break between consecutive
cycles. A 30 min rest with no stimulation was taken between the standard
FES test and the test with wearable FES.

Setting Channels Up.

(“channel1) (“channel2)

(% (channel 4)

Fig. 3 Wearable FES system. Person with tetraplegia C5 AIS A with
the wearable FES system (a, b, ¢, d). 3-piece shell, (a,b, c), stimulation
unit (d), smartphone (e) and screenshot of the App (f).
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RESULTS

The result of the shell was three pieces (hand, forearm, and arm)
with 1 mm thick (Fig. 4) to integrate self-adhesive electrodes and
cables. No industrial mold and processes were necessary, and the
shape resulted in the user's upper limb with openings for
ventilation, tubes for the embedding of the electrode cables,
and 2 mm thick points with the shape of the electrodes for their
fixation at the exact position of the muscle groups to be
stimulated (Fig. 4).

According to the questionnaires, the physiotherapist and the
patient reported wearable FES as intuitive, safe, personalized,
useful, free to move, and esthetically accepted, as detailed in what
follows and summarized in Table 2.

The color signaling in the cables, stimulation unit, and App
facilitated the assembly of the system. The positioning of the shell
on the patient was easy, since the shape of the three parts was
similar to that of his upper limb. Tubes outside the shell and the
embossed points inside it provided physiotherapist with clear
clues about the passage of cables and the attachment of the
electrodes in the exact positions of the muscle groups, enabling a
full contact of the electrodes with the skin. Used electrodes with
no gel layer were employed in usability tests in both systems.
Unlike the wearable FES, the standard one required the electrodes
to be securely attached to the skin with straps, causing its edges
to rise and reducing the area of contact of the electrode with the
skin. Such properties led both users to consider the wearable FES
intuitive, useful, and safe, since the movement would be
performed with no failures or interruptions, thus minimizing the
chances of skin burns. Although the physiotherapist was used to
the standard FES setup and had no experience with the new
system, a 505 (s) time-saving was achieved for the total setup,
compared with the standard FES (1205).

‘A

Fig. 4 3-piece shell of the wearable. 3D printed shell interior with
embossed locations in the shape of the electrodes (1)for their
precise positioning to the drinking FES training and (2) self-adhesive
electrodes positioned.

Table 1. FES stimulation protocol [7, 20].
Step 1 Reach (A-B)
Channel Muscles
Channel 1 Finger flexors
Channel 2 Thenar
Channel 3 Radial carpal X
Channel 4 Triceps
Stimulation Time (s) 2 3

Spinal Cord Series and Cases (2022)8:54

Step 2 Grasp and Raise

Step 3 Return (B) Step4 Release and Return (B-A)
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Table 2. Relevant results from the qualitative test.

Usability
properties

Intuitiveness

Health professional

Piecewise
Color scheme
Electrodes affixing

Tetraplegic

Dress the shell

Cable tubes
App
Safety Shell and electrodes Exact electrodes
placement positioning
Better Full skin adherence
electrodes grip
Personalization Easy shell Perfect fitting
positioning Good grip of
electrodes
Usefulness Fast system Good dressing
calibration Portable
Color scheme Good weight
Fast dress and
undress
Electrodes
placement
Portable
Freedom of Possible use at home  Increased mobility
movement Higher frequency of Proper weight
and use use Can be used at home
Esthetics Lightweight Better look

Washable material
Modern look

A shell with embedded components (electrodes and cables), and
an appropriate stimulation unit sized resulted in a portable system of
401.60 g weight. The new system promoted freedom of movement
of the upper limb during FES, lightness of the shell (147.26 g), and
good appearance, stimulating its more frequent use at home.

During the kinematic tests, the period of movements ranged
from cycle to cycle for the subjects, hindering a straightforward
comparison among them. Therefore, the time span of each cycle
was normalized to the unit and the variables were resampled
towards matching each other.

Among all tests performed with the control, standard, and
wearable FES systems (see Supplementary Material) the wrist-
flexion angles in steps 2-3 in both systems differed the most from
each other (—18.93° mean value of wearable FES and —59.35°
mean value of standard FES), as shown in Fig. 5.

Figure 6 shows a larger oscillatory behavior of the object’s mean
trajectory with the standard FES in comparison with the wearable FES
at the beginning of step 2 and at the end of step 3. The results of the
remaining trajectories are similar (see Supplementary Material).

Figure 7 displays the object’s tangential speed in the seven
cycles and the respective mean speeds in steps 2 and 3, steps in
which the object is in motion (the object was at rest in steps 1 and
4, as shown in Fig. 1)—Fig. 7a shows a comparison of the average
speeds between the systems. The control is shown as a reference,
unlike step 3. In step 2, the object moves with the wearable FES
without oscillations regularly increasing or decreasing its speed.
Conversely, with the standard FES, the oscillation occurs in step 2.

This result may be misleading, since the mean alone may cause
distortions in data interpretation. The normalized object’s speeds
in the seven cycles with wearable and standard FES are displayed
and compared with that of the control in Fig. 7b-d, respectively.
The wearable FES curves (Fig. 7c) show greater speed oscillations
in the seven cycles, in step 3, compared with their average, than in
step 2, as in the control curve (Fig. 7b). In contrast, the standard
FES curve (Fig. 7d) shows larger speed oscillations in the 7 cycles
in steps 2 and 3, in relation to their average, emphasized by the
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Fig. 5 Wrist-flexion mean angles. Wrist-flexion mean angles in the
four steps of FES cycles of the control (red) and theperson with
tetraplegia using standard FES (black) and wearable FES (green).
Horizontal dotted lines in each stepcorrespond to the average
angles.

Wrist Flexion - Mean [Degree]

standard deviation (SD) of such averages (Table 4). In steps 2 and
3, the SD of the standard FES is approximately the double of the
values of the wearable FES, which are closer to the control. The
speed values were normalized for a more reliable comparison.

DISCUSSION

Three milestones of industrialization, namely mechanization of
manual processes, mass-production, and mass-personalization
have affected product development and production. The main
feature of the latter is the large-scale production through the
same procedures, but with different parameters, promoting more
flexibility [33]. The parametric design associated with the fast-
fabrication technique is an alternative method. A wearable FES
was designed according to this feature. Although this method is
used in other areas (e.g., architecture, digital art, furniture design,
and fashion design), to the best of our knowledge, the literature
does not report its use in the field.

This article has addressed a proof-of-concept of a wearable FES
system in the design and production stages and during its use by a
person with SCI C5. Its main advantages are automation for design
personalization, precision, intuitiveness, simplicity, portability,
speed in production, and effectiveness. However, the design of a
new shell requires a trained person to change the automation data,
the weight of the stimulation unit made it uncomfortable to place
on the arm, and the shell finishing was satisfactory.

Regarding design automation and personalization, the compu-
tational design method solved the problem of fitting to any
anthropometry in an automated way, thus showing an alternative
to be explored for other parts of the body. Additionally, a trained
person, instead of an expert, is required for 3D scanning and
algorithm input changes for a new wearable FES design and print.

Unlike manual measurements, which are subject to errors and
revisions, the method also delivered precise measurements of
both upper limb and positions of the muscle groups to be
stimulated. The features of the shell design and the use of colors
made the whole system configuration and activation intuitive,
thus saving time. The shell’s flexible material and design provided
comfort, simplicity, and easiness of donning/doffing, which are
fundamental characteristics for patients with tetraplegia. The
design features of the shell, the size of the stimulation unit, and its
activation by a smartphone App made the system portable and
with potential for home use. The weight of the batteries
compromised the attachment of the stimulation unit to the body;
therefore, they must be replaced and tested, although they did
not hamper any function or feature of the wearable FES.

Spinal Cord Series and Cases (2022)8:54
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Control
Wearable FES
Standard FES

Z[m]

(b

Fig. 6 Trajectory of the object. Object’s trajectory performed by the control and person with tetraplegia using standardFES and wearable

FES. a 3D trajectory and b XZ projection.
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Fig. 7 Mean normalized object speed. a Mean normalized object speed for both systems and control. Object’s normalized speeds inthe
seven cycles performed by the (b) control and the person with tetraplegia with both (c) wearable and (d) standard FES systems.

The shell material, thickness, size, and number of ventilation
openings offered flexibility and comfort to the users, which are
highly desirable features in any FES system. However, the surfaces
and tubes’ finishing had protrusions, flaws, and fine wefts,
although they did not affect training and comfort.

The reports in Table 2 show progress in terms of usability
properties of the new system in relation to the standard FES
system, with self-adhesive electrodes, as well as confidence and

Spinal Cord Series and Cases (2022)8:54

comfort to the patient and practicality, effectiveness, and
confidence to the physiotherapist.

Overall, the wearable FES works as well as the standard FES and,
therefore, can be considered functional and efficient. Additionally,
it seems to have improved wrist-flexion angles and stability of
object trajectory and slightly increased speed in comparison with
the standard FES.

SPRINGER NATURE
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Table 3. Mean value angles of wrist flexion.

Mean values (degrees)

Wrist Control Standard FES
Max. flexion 249 43
Min. Flexion 6.5 —61.7
ROM 184 66.0
Table 4. Standard deviation of the average speed (m/s).

Step 2 Step 3
Control 0.068 0.097
Wearable FES 0.070 0.109
Standard FES 0.186 0.206

Mean standard deviation of the average speed of steps 2 (Grasp and Raise)
and 3 (Return to B) for Control and SCl using standard FES and Wearable FES.

As shown in Fig. 5, the averages of wrist-flexion angles in steps
1 (Reach) and 4 (Release and Return) with both systems are closer
to each other, with similar wrist movements compatible with
those of the control. In contrast, the two systems showed
considerably different performances in steps 2 (Grasp and Raise)
and 3 (Return to B). The wrist-flexion mean angle with the
wearable FES resembles that of the control. The standard FES
induces wrist angles far from the natural ones, even with the use
of the same electrodes. These analysis can be shown by the
percentage difference (A%) between each system and the control
(Table 3). Therefore, the wearable FES system improved the wrist
movements where they are most necessary, i.e., for raising the
object to the mouth and back to the table, outperforming the
standard FES. Overall, the remaining angles (see Supplementary
Material) selected by the experimental setup provided similar
results for both systems, indicating the wearable FES delivers
results comparable to those of the standard one.

The trajectories of the object with the use of both standard and
wearable FESs, shown in Fig. 6, exhibit an akin profile. The
wearable FES seems to provide more stable trajectories, at least at
the beginning/ending of the movements. For example, at the very
beginning of the standard FES trajectory, some difficulty in
maintaining a more linear trajectory is observed, as opposed to
the trajectory of the wearable FES, which is closer to the control
one. Furthermore, the standard FES trajectory shows the object’s
final position is slightly different from the start position. Again, the
wearable FES seems to enable a better control of the movement.

The tangential speed of the object suggested higher stability to
take the object to the mouth with the wearable FES, despite some
instability to return it to the table. With standard FES, the object’s
mean speed suggested instability in both steps (grasp/raise and
return), leading to a certain difficulty in keeping the object up.
According to Table 4, the SD in steps 2 and 3 is much greater for
standard FES than for the wearable FES. On the other hand, the latter
is very close to that of the control. In the three situations (Fig. 7b-d),
the mean SD is greater in step 3 than in step 2, as can be seen in
Table 4. Earlier studies showed the lack of triceps brachialis muscle
function in patients with tetraplegia slows the speed of the return
step; however, the speed can change when the movement is
performed with a load [34, 35]. In both standard and wearable FESs,
the oscillations in step 3 appeared probably due to the lack of triceps
brachialis muscle contraction required to smoothen the downward
movement. However, the wearable FES showed smaller oscillations.

The proof of concept is a preliminary, usual, and necessary step
in the development of medical devices that informs on necessary
improvements. Since the patient was used to the standard FES (11-
year training) and the test cycles were performed initially with this

SPRINGER NATURE

A%
Wearable FES FES/control Wearable FES/control
14.9 —82.7 —40.2
—9.6 —1049.2 —247.7
24.5 258.7 33.2

system, the wearable FES system showed improvements in the
upper limb movements. The new system promoted better wrist
joint control and smoothness of movement in the drinking-like
ADL and tended to induce movement patterns closer to the
natural ones. These findings may be the result of the better contact
between the electrodes and the skin, the shell design providing
stability of movement, and the patient feeling secure and
confident performing the movements wearing the new system.
However, more tests are necessary for confirming such hypotheses.
Parametric design and 3D printing in the development of
personal systems proved to be an unexplored and promising
strategy to overcome the limitations of FES systems. The novelty of
the wearable FES relies on its fast fabrication, automation
development, and personalization. Furthers studies such as
randomized clinical trials are necessary. Although the new system
has been tested on a patient by a healthcare professional, it can
potentially be used at home as a portable and intuitive system, and
shows an open field for applications to other parts of the body.
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