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Foot-Controlled Hand/Forearm Exoskeleton
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Abstract— A significant number of stroke patients are
permanently left with a hemiparetic upper limb after the
poststroke six-month golden recovery period, resulting in
a drastic decline in their quality of life. This study devel-
ops a novel foot-controlled hand/forearm exoskeleton that
enables patients with hemiparetic hands and forearms to
restore their voluntary activities of daily living. Patients
can accomplish dexterous hand/arm manipulation on their
own with the assistance of a foot-controlled hand/forearm
exoskeleton by utilizing foot movements on the unaffected
side as command signals. The proposed foot-controlled
exoskeleton was first tested on a stroke patient with a
chronic hemiparetic upper limb. The testing results showed
that the forearm exoskeletoncan assist the patient in achiev-
ing approximately 107◦ of voluntary forearm rotation with
a static control error less than 1.7◦, whereas the hand
exoskeletoncan assist the patient in realizing at least six dif-
ferent voluntary hand gestures with a success rate of 100%.
Further experiments involving more patients demonstrated
that the foot-controlled hand/forearm exoskeleton can help
patients in restoring some of the voluntary activities of
daily living with their paretic upper limb, such as picking
up food to eat and opening water bottles to drink, and etc.
This research implies that the foot-controlled hand/forearm
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exoskeleton is a viable way to restore the upper limb activi-
ties of stroke patients with chronic hemiparesis.

Index Terms— Wearable foot-machine interface, rehabili-
tation robot, hand exoskeleton, forearm exoskeleton.

I. INTRODUCTION

STROKE has become one of the leading causes of severe
disability worldwide and has affected over 101 million

survivors. Moreover, more than 12.2 million new stroke
patients are diagnosed each year [1]. Hemiparesis of the
upper limb is a common complication following stroke, and
it diminishes the quality of life of stroke survivors drastically.
Considering that the hand/forearm is responsible for nearly
90% of upper limb functions [2], [3], hand/forearm function
assistance has gained increasing attention in the field of
assistive device research. Recently, several hand [4], [5] and
forearm exoskeletons [6], [7], [8] have been developed for
rehabilitation after stroke, but few have been designed to assist
patients in their daily activities. In fact, a significant number of
stroke patients are permanently left with a hemiparetic hand
and forearm after the poststroke six-month golden recovery
period [9]. Therefore, there is a much higher demand for
hand/forearm exoskeletons for activities of daily living (ADLs)
than for rehabilitation.

Control of hand exoskeletons for ADLs requires the detec-
tion of a patient’s intention to move, which is considered
to be very challenging. Currently, a variety of signals have
been tried for controlling hand exoskeletons, for instance:
(1) button-triggering [10], [11]; (2) physiological signals
such as electroencephalogram (EEG) and electromyography
(EMG) [12], [13], [14], [15]; (3) voice [16] or computer
vision [17]; and (4) body movements such as ipsilateral thumb
movements [18], contralateral shoulder movements [19], and
eye movements [20]. Among these signals, EEG and EMG
have shown great potentials. However, they are still not reliable
enough now to detect the desired motion intentions. For
example, EEG has very low signal-to-noise ratio, often result-
ing in unreliable control of the hand exoskeleton. EMG has
demonstrated some success, such as Myomo in [15], however,
it is only suitable for very few stroke patients with sufficient
EMG signal strength in their forearm muscles, while most
patients unfortunately have very low-level and unstable muscle
activation because of the stroke. Other signals are too simple
to generate a complex motion intention for stroke patients to
restore their voluntary ADLs through the hand exoskeleton.
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To solve this problem, we propose a hand exoskeleton that
allows stroke patients to generate various gestures of their
hemiparetic hand using a foot-machine interface (FMI). The
FMI is inspired by the fact that the anatomy and kinematics
of the human foot are similar to those of the hand. Therefore,
the FMI is more intuitive than other body interfaces. A button
to activate and deactivate the foot control mode is integrated
with the FMI to prevent walking activity from interfering with
hand activities.

Currently, FMIs have been designed to teleoperate a robotic
system when the user’s hands are busy. Several FMIs [21],
[22], [23], [24] command a slave robot using switches placed
on a planar base. These interfaces are simple to use but
cannot perform movements with more than three degrees
of freedom (DOFs) [25]. Additionally, continuously lifting
a leg up and down during teleoperation may cause user
fatigue [26]. Therefore, Huang et al. proposed a pedal with
eight feedback-sensing modules to control the four DOFs of
a slave robotic arm by collecting foot gestures [25]. However,
the pedal restricts the mobility of the operator, and it is incon-
venient to use it in controlling the hand exoskeleton. Recently,
some fully wearable FMIs have been reported for prostheses
to recognize the motion intention of amputees, which may
also be suitable for controlling hand exoskeletons. Lyons et al.
designed an upper limb prosthesis controlled via the surface
EMG of leg gestures [27]. However, biomechanical coupling
between leg movements often causes the misclassification of
some gestures. A wearable FMI was reported in [28] utilizing
two Inertial Measurement Units (IMUs) located on the feet
to control prosthetic upper limbs. Each foot is capable of
operating up to 8 hand/arm movements. However, a tedious
process of “re-zero” is needed every time the body is repo-
sitioned (e.g. standing to reclined sitting). A wearable FMI
using pressure sensors placed on the big toes to detect the
motion intention of the user was reported in [29] to control the
abduction and flexion motions of an artificial thumb. Another
wearable FMI using four pressure switches on the insole,
similar to the button-triggered control method, was reported
in [30] to activate four pre-programmed hand movements of
the prosthesis. The aforementioned FMIs can only generate
a few commands because each sensor corresponds to only
one gesture. Therefore, it is impossible to use them to control
dexterous movements of hand exoskeletons.

In this study, we designed an FMI using piezoresistive
sensors placed on the sole and toes, which can perceive
multiple intentions of the patient using a combination of sensor
outputs, to voluntarily control various hand gestures of the
exoskeleton. The configuration of the plantar sensors was
optimized based on an analysis of the anatomy and kinematics
of the human ankle-foot system. Four piezoresistive sensors
are used to generate up to 16 different commands. In this study,
only six foot gestures are chosen to control six common hand
gestures for ease of operation.

Our previous study demonstrated that a hand exoskele-
ton with actuated thumb and finger movements can assist
patients with chronic hemiparesis in accomplishing some of
the coarse grasping tasks without involving forearm [31].
However, forearm pronation/supination (P/S) motions play a

major role in voluntary ADLs, such as bringing food to the
mouth and preventing the water in the cup from spilling [32].
It is impossible for most post-stroke survivors, who usually
also have a paretic forearm, to constantly rotate the forearm
to adjust the orientation of the grasped object when executing
ADLs. Therefore, this study will combine hand gesture assis-
tance with forearm rotation assistance to achieve voluntary
ADLs for patients with chronic hemiparetic upper limbs. Most
forearm exoskeletons available for assisting pronation and
supination cannot be used as daily assistance devices because
they are typically fixed on a platform [6], [7], [8]. Several
wearable forearm exoskeletons can rotate the forearm using
an arc-shaped rail [33], [34] to guide a rotator attached to
the forearm. However, the arc-shaped rail is bulky, and it is
difficult to don these forearm exoskeletons along with hand
exoskeletons. Soft helical actuators have also been designed
for forearm P/S motions [35], [36]. However, they are limited
by a small actuation torque, and their effectiveness has not
yet been validated in patients. To the best of our knowledge,
there is currently no device capable of providing simultaneous
active hand gestures and forearm rotation assistance for ADLs
in patients with hemiparesis.

This study develops a forearm exoskeleton for P/S
assistance that can be integrated with a hand exoskeleton. For
most ADLs, hand movements and forearm P/S are sequentially
executed. During hand movements, multiple hand gestures are
performed to grasp and hold objects of different shapes and
sizes. Moreover, the forearm is continuously rotated to ensure
the grasped object is rotated with an appropriate orientation
during forearm P/S movements. Therefore, in contrast to
the aforementioned FMI for hand gesture control, forearm
P/S movements are continuously controlled by pressing two
piezoresistive sensors. Besides, an additional foot gesture
is predefined to switch between forearm and hand control
modes. The performance of the foot-controlled forearm
exoskeleton is evaluated experimentally in two patients
with chronic hemiparesis. Both patients could voluntarily
complete several ADLs, such as unscrewing the bottle cap,
drinking, and eating, with the assistance of the foot-controlled
hand/forearm exoskeleton system.

The main contribution of this article is summarized as
follows. On the one hand, the proposed exoskeleton can
simultaneously provide both active hand and forearm rotation
assistance; on the other hand, by utilizing healthy foot move-
ments as command signals, patients can accomplish dexterous
hand/arm manipulation on their own with the assistance of
a foot-controlled hand/forearm exoskeleton. Therefore, stroke
patients are able to voluntarily accomplish bimanual ADLs
such as unscrewing the bottle cap, drinking, and eating. To the
best of our knowledge, this is the first wearable hand/forearm
exoskeleton can restore voluntary bimanual activities of stroke
patients.

The remainder of this paper is organized as follows.
Section II introduces the system design of the foot-controlled
hand/forearm exoskeleton, which is further elaborated in
Section III. Section IV provides the experimental methods,
results, and discussion. Finally, the conclusion is presented
in Sections V.
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Fig. 1. Foot-controlled hand/forearm exoskeleton is composed of four
subsystems: a wearable hand/forearm exoskeleton, a tendon actuation
system (TAS), a wearable FMI, and a microcomputer computer control
system. The subject gave his permission for this photograph to be
reproduced.

II. SYSTEM DESIGN

As shown in Fig. 1, the entire system is composed of four
main modules: (1) a wearable hand/forearm exoskeleton that
performs digits movements and forearm rotation; (2) a remote
tendon actuation system (TAS) that drives the hand/forearm
exoskeleton; (3) a wearable FMI that recognizes foot gestures
through plantar sensors; and (4) a microcomputer control
system that takes the sensor reading, deciphers foot gestures,
maps foot gestures to hand gestures and mode switch, directly
controls the TAS.

A. Hand Exoskeleton

Tendon-actuated hand exoskeletons have attracted wide-
spread interest of researchers because of their light weight
and compact size [10], [11]. Tendons are usually designed
to replicate hand muscles, making the movements generated
by the hand exoskeleton much more similar to natural hand
movements [37]. However, some complicated movements,
such as thumb movements, are actuated by many muscles
that are difficult to generate through replications. Therefore,
tendon-actuated hand exoskeletons reported in the literature
do not consider much active thumb actuation, and most can
only assist the patient in performing simple gestures, such as
grasping and releasing. To solve this problem, we designed a
tendon-actuated hand exoskeleton with fully actuated thumb
movements for grasping assistance, as described in our previ-
ous study [31]. As shown in Fig. 2, the routing of tendons in
the hand exoskeleton is summarized as follows. A hybrid actu-
ation mechanism that combines two tendons (thumb abductor
and adductor) and a flexible link performed thumb abduction
and adduction movements. The flexor and extensor tendons
of each finger were used to generate flexion and exten-
sion movements. These biomimetic tendons are controlled

Fig. 2. Tendon actuation schematic of the hand exoskeleton.(a) Palmar
and (b) dorsal views.

by four actuators to perform the following hand motions:
thumb abduction and adduction, thumb flexion and extension,
index flexion and extension, and simultaneous flexion and
extension of other three fingers. Consequently, for dexterous
operations, the entire hand exoskeleton system can achieve
4-DOF movements.

Our previous study [31] confirmed that four DOFs were
sufficient for stroke patients to accomplish training tasks and
some ADLs. However, the hand exoskeleton was controlled
by a touch screen, causing occupancy of the patient’s hand
on the unaffected side, making it impossible for the patient
to complete voluntary bimanual manipulations. The wearable
FMI proposed in this study allows patients to control the hand
exoskeleton using their foot on the unaffected side. Therefore,
dexterous operations can be achieved through the collaboration
of both hands. The design of the wearable FMI, inspired by
the analysis of the anatomy and kinematics of the human foot,
is discussed in Section II-C.

B. Forearm Exoskeleton

In addition to hand assistance, forearm P/S assistance is
indispensable during the execution of ADLs because the
paretic forearm of patients is usually too weak to rotate on their
own. So far, according to the best of our knowledge, there are
no exoskeletons reported in literature that can simultaneously
provide both hand and forearm P/S assistance. In this study,
we proposed a tendon-actuated forearm exoskeleton for fore-
arm P/S assistance that can be easily integrated with the hand
exoskeleton reported in our previous study [31]. The forearm
exoskeleton consists of an arm-fixed brace, a sliding mech-
anism, and a parallelogram mechanism, as shown in Fig. 3.
The brace is attached to the arm of the patient, and its length
can be adjusted using a sliding mechanism. A parallelogram
mechanism was used to rotate the forearm of the patients,
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Fig. 3. Tendon-driven forearm exoskeleton for the assistance of
pronation/supination movements. (a) Side view and (b) Front view of
the forearm exoskeleton worn by the participant. (c) Schematic of the
tendon-driven mechanism of the forearm exoskeleton.

as shown in Fig. 3(c). Link-1 and Link-2 of the parallelo-
gram mechanism were fixed to the arm-fixed brace and hand
exoskeleton, respectively. Consequently, the rotation of the
parallelogram mechanism actuated by the tendons causes the
forearm to rotate. Specifically, the forearm supinates when
Tendon-2 was pulled and Tendon-1 was released. Conversely,
the forearm pronates when Tendon-1 was pulled and Tendon-2
was released.

The paretic wrists of stroke patients maintain an excessive
amount of flexion, making it impossible to adjust their hands
to an appropriate posture for grasping objects and performing
ADLs. Nevertheless, wrist flexion and extension are not nec-
essary during ADLs, which require the wrist to be maintained
in a suitable posture. Therefore, the forearm exoskeleton in
this study provides a passive wrist support to aid patients in
maintaining their wrists in a neutral posture, which is sufficient
for performing most ADLs. The hand back splint used to sup-
port the wrist of patients is fastened around their wrist using
two Velcro straps. Passive wrist support does not affect the
forearm P/S and hand assistance of patients but make grasping
and operation easier while carrying out ADLs. Furthermore,
passive wrist support does not increase the weight of the
entire exoskeleton system because no additional actuators are
required.

C. Wearable FMI Design

In this study, the anatomy and kinematics of the foot were
first analyzed to optimize the configuration of the plantar
sensors and maximize the number of commands generated
through the foot movements, which is introduced in a sup-
plementary PDF. Some key anatomical and kinematic features
of the ankle-foot system that can be utilized for the design of

Fig. 4. Anatomy and kinematics of the ankle-foot system. (a) Anatomical
bones and joints of the ankle-foot system. Movement of the (b) foot and
(c) ankle.

Fig. 5. Design schematic of the FMI. (a) Plantar sensitive area during
normal walking. (b) Five areas divided based on the kinematics of the
ankle and foot. (c) Four piezoresistive sensors placed on the forefoot
areas. The heel area is abandoned because it is the farthest from other
areas and difficult to be treaded together with other areas.

the FMI are summarized as follows: As shown in Fig. 4, (1)
the ankle joints can generate 2-DOF movements with a wide
range: dorsiflexion/plantarflexion and eversion/inversion; (2)
all the toes can accomplish large range flexion and extension
movements; and (3) the hallux is independent of the other toes.

The sensitive plantar tactile sense is formed by dense
cutaneous receptors on the soles of the foot, controlling human
stance and locomotion. With tactile feedback, the user can
precisely tread the areas on the soles while performing foot
movements. For this reason, we designed an FMI to detect
the foot movements of users through plantar piezoresistive
sensors. The number and location of plantar sensors were
optimized based on the aforementioned analysis of ankle-foot
anatomy and kinematics.

The sensitive plantar area during normal walking is shown
in Fig. 5(a), which is divided into forefoot and heel areas,
as shown in Fig. 5(b). Based on the kinematics of the ankle
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and foot, the forefoot areas are further divided into four
areas that can be treaded by repeatable ankle and foot move-
ments as follows: the first sole (sole1st), second to fifth
soles (sole2−5st), first toe (toe1st ), and second to fifth toes
(toe2−5st ). A piezoresistive sensor was placed in each area
of the forefoot, as shown in Fig. 5(c), which can be treaded
individually or in combination to generate control commands.
The heel area was abandoned in this study because it was the
farthest from other areas and difficult to be treaded together
with other areas. Consequently, the maximum number of gen-
erated actions N using four plantar sensors is 16 according to
the following equation, which meets the control requirements
of the dexterous hand exoskeleton.

N =
4∑

k=0

Ck
4 = 16 (1)

where Ck
n is the binomial coefficient of n and k, defined as

follows:
Ck

n = n!
(n − k)! · k! (2)

The electronic modules of the FMI are worn on the leg of
the user and consist of a signal acquisition module, Bluetooth
transmission module, and Li-Po battery. The signal acquisition
module amplifies and discretizes the four sensor values and
sends them to the microcomputer control system using Blue-
tooth. The microcomputer control system analyzes the plantar
sensor values and generates commands for the hand/forearm
exoskeleton. As described in Section I, the wearable FMI is
designed with the following two switchable control modes: 1)
hand control mode and 2) forearm control mode, which can
be switched back and forth using a predefined foot gesture.

1) Hand control mode: The target hand gestures (M0 to M5)
that are commonly used in ADLs, including four DOFs and
their combined gestures of the hand exoskeleton are shown in
Fig. 6. For ease of statement, we defined thumb abduction,
thumb flexion, index flexion, and other finger flexions as
four activated DOFs. Additionally, thumb adduction, thumb
extension, index extension, and other finger extension are
defined as four unactivated DOFs. As a result, M0 is the
gesture with four unactivated DOFs, encoded as [0 0 0 0]; M1
is the gesture with a single activated DOF of thumb abduction,
encoded as [1 0 0 0]; and M2 to M5 are the combined gestures
with multiple activated DOFs.

To control the hand exoskeleton conveniently, we predefined
six foot gestures (G0 to G5), as shown in Fig. 6. The mapping
from foot to hand gestures is shown in Table I. Specifically,
we defined three states of the ankle joint in the sagittal plane
(01 denotes dorsiflexion (DF), 00 denotes neutral position
(NP); and 10 denotes plantarflexion (PF)), three states of the
ankle joint in the frontal plane (01 denotes eversion (EV),
00 denotes neutral position (NP), and 10 denotes inversion
(IN)), two states of the hallux joints (0 denotes extension(E),
and 1 denotes flexion (F)), and two states of the other toe
joints (0 denotes extension(E) and 1 denotes flexion (F)). The
foot gesture G0, encoded as [01, −, −, −], maps to the M0
hand gesture. In this case, none of the sensors are pressed. The
foot gesture G1, which exerts pressure primarily on one sensor

Fig. 6. Hand gestures of the hand exoskeleton corresponding to the
foot gestures. The activated DOFs of the hand gestures are encoded as
marked in the images below.

TABLE I
MAPPING FROM FOOT GESTURES TO HAND GESTURES

(sole1st), is encoded as [00, 10, 0, 0] and maps to the hand
gesture with a single activated DOF (M1). By analogy, foot
gestures G2 to G5 exert strong pressure on multiple sensors,
thereby mapping the hand gestures with multiple activated
DOFs.

2) Forearm control mode and control mode switch: As
patients need to constantly adjust the postures of the forearm
while carrying out ADLs, the rotation angle of the forearm
is continuously controlled using FMI. Therefore, a switch
mechanism is required to toggle between hand and forearm
control modes. An additional foot gesture, Gswitch , encoded
as [00 01 0 0], can serve as a switching signal. The switch is
convenient to handle and not easily confused with other foot
gestures because only one sensor (sole2−5st ) exerts pressure,
as shown in Fig. 6 and Table I. In the forearm control mode,
the supination and pronation of the forearm are controlled by
two pressure sensors. Specifically, the forearm supinates at a
uniform speed when pressing sole1st and pronates at a uniform
speed when pressing toe1st . Switching back to the hand control
mode can be realized by utilizing the Gswitch again.

D. Tendon Actuation System and Microcomputer Control
System

The tendon actuation system (TAS) tied around the waist,
as shown in Fig. 1, consists of five micro servo motors
(LDX-227, Hiwonder, China), five bidirectional pulleys,
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Fig. 7. Control diagram of the foot-controlled hand/forearm exoskeleton, which can be summarized into four main modules besides the user: pattern
extaction, user intention detection, hand exoskeleton control, and forearm exoskeleton control.

a custom-made driver board (LSC-6, Hiwonder, China), and
a Li-battery. Each motor can output a maximum torque of
15 kg·cm and rotation angles of 0–270◦, connecting the
biomimetic tendons through one bidirectional pulley. The
bidirectional pulley can pull one tendon and simultaneously
release another, and vice versa, thus reducing the number
of motors needed. Consequently, dexterous hand and forearm
movements of the exoskeleton can be controlled through only
five motors.

Fig. 1 shows the microcomputer control system, which
provides a graphic user interface (GUI) for patients to select
two kinds of control modes: direct control by touching the
screen and foot-controlled mode. In the foot-controlled mode,
a single-board computer (Raspberry Pi 4B) connected to the
FMI via Bluetooth was used to take the sensor reading,
decipher foot gestures, map foot gestures to hand gestures and
mode switch, directly control the TAS. The control algorithms
are described in detail in Section III.

III. SYSTEM CONTROL

Figure 7 shows the control diagram of the foot-controlled
hand/forearm exoskeleton, which can be summarized into four
main modules: pattern extraction, user intention detection,
hand exoskeleton control, and forearm exoskeleton control.

1) Pattern Exaction: The plantar pressure from four piezore-
sistive sensors are measured and then converted to discrete
signals Fj (k), where j = 1, 2, 3, 4, correspond to the label of
each sensor. These signals are further normalized to x j (k)( j =
1, 2, 3, 4) using the following formula:

x j (k) = Fj (k) − Fmin
j

Fmax
j − Fmin

j

(3)

where Fmin
j is defined as the minimum value of Fj (k), which

is measured while the sensor with label j is relaxed, and Fmax
j

is defined as the maximum value of Fj (k), which is measured
while the sensor with label j is pressed.

The time-series features of every pressure signal sequence
are extracted using a time window with a fixed length N ,
which is expressed as

X j (k) = [
x j (k), x j (k − 1), . . . , x j (k − N + 1)

]
(4)

Subsequently, we define the plantar pattern matrix at the
current time X(k) as follows:

X(k) = [X1(k), X2(k), X3(k), X4(k)]T (5)

which is the input of the user intention detection module.
2) User Intention Detection: The recurrent log-linearized

Gaussian mixture network (R-LLGMN) proposed in [38] can
perform temporal pattern classification. Hence, it was used in
this study to detect the user intention from the plantar pattern
matrix. The R-LLGMN predicts the current user action a(k)
from the following probability vector u(k).

u(k) = [u1(k), u2(k), . . . , ui (k), . . . , uQ(k)]
= F trans(X(k)) (6)

where ui (k)(i = 1, 2, . . . , Q) is defined as the probability
of the i th action that the user intends to execute; Q is the
total number of actions; and Ftrans(·) is the function of the
R-LLGMN. The following condition is satisfied:

Q∑
i=1

ui (k) = 1 (7)

Finally, the current action, a(k) was chosen from those
with a higher probability by considering the history of actions
to minimize the prediction error. In this study, we used a
finite-state machine to describe the transition of these actions,
as shown in Fig. 8, and the start action, a(0) is set as the
opening state (M0). Consequently, the current action was
determined according to the path indicated by arrows in Fig. 8
if the corresponding transition event occurs; otherwise, the
current action, a(k) is determined as the previous action
a(k − 1). In addition, transition events, Ti are defined as
follows:

Ti : ui (k) > εi , i = 1, 2, . . . , Q (8)

where εi is defined as the threshold of the i th action, which
is experimentally configured in advance.

3) Hand Exoskeleton Control: After the action, a(k) is
determined, the hand exoskeleton performs the corresponding
movements. Specifically, a position profile generator con-
structs the commanded motor profiles, pcmd(t) based on the
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Fig. 8. Action transaction model. M0 to M5 denote the hand movements;
Mswitch denotes the action of the control mode switch; and Ti denotes
transition events.

minimum-jerk principle, which can maximize the smoothness
of the profiles [39], [40]. The commanded motor profiles are
expressed as follows:
pcmd(t) = p0 + (pT − p0)

·
(

10

(
t

T

)3

− 15

(
t

T

)4

+ 6

(
t

T

)5
)

(9)

where p0 and pT are the position of the motors at the inital
time 0 and end time T of the action period, respectively.

Within the action period, the position controller applies
proportional and derivative control, as follows:

vcmd = k p · (pcmd − p) − kd · v (10)

where k p and kd are the proportional gain and derivative gain;
pcmd and p are commanded and measured motor positions,
respectively; and vcmd and v are commanded and measured
motor velocities, respectively.

4) Forearm Exoskeleton Control: The rotation movements
of the forearm are directly controlled by the discrete signals
of sensors, sole1st and toe1st (i.e., F1(k) and F2(k) ). The
forearm controller shown in Fig. 7 is designed according to
the following control law, which is given by

θk =
{

θk−1 + �θ, if F1(k) > ε

θk−1 − �θ, if F2(k) > ε
(11)

where θ is the rotational angle of the forearm actuator; ε is
the activation threshold of the forearm rotation; and �θ is the
velocity of θ change, which can be set in advance by users
according to their comfort level.

Within the action period, the forearm actuator is controlled
based on proportional and derivative controls, similar to the
hand actuator, as shown in Eq. (10).

IV. RESULTS AND DISCUSSIONS

In this section, we experimentally evaluate the feasibility
of the foot-controlled hand/forearm exoskeleton for restoring
voluntary activities of patients with chronic hemiparesis. Two
patients with a hemiparetic arm and a healthy participant
participated in the experiments. The details of the participants
are summarized in Table S1. All experiments were approved

Fig. 9. Mechanical evaluation of the forearm exoskeleton. (a) The
forearm rotational angles are measured by optical capture system.
(b) Relationship between the forearm and servomotor rotational angles
during supination and pronation assistance.

by the Rehabilitation Center for the Disabled of Liao Ning
province, China, and conducted as follows.

A. Mechanical Evaluation of Forearm Exoskeleton

In the first experiment, the mechanical parameters (i.e.,
rotational angle) of the forearm exoskeleton were measured on
both participants to evaluate its performance on forearm P/S
assistance. The mechanical evaluation of the hand exoskeleton
was not included in this study, as it has been described in our
previous study [31].

During the measurement, two participants (the healthy par-
ticipant and stroke patient 1) kept their arms dangling, and
the forearm was pronated and supinated under the actuation of
the forearm exoskeleton, as shown in Fig. 9(a). The rotational
angles of the forearm and servomotor were measured using
an optical capture system (OptiTrack, LEYARO, China) and
a potentiometer, respectively. As a result, we obtained the
relationship between the rotational angles of the forearm and
servomotor, as shown in Fig. 9(b). The measurement results
indicate that the forearm exoskeleton can assist the healthy
participant in generating approximately 80◦ pronation and 80◦
supination motions. The range of forearm rotation motion is
approximately 160◦, which meets the requirement for ADLs
according to [41]. The forearm exoskeleton can assist the
patient in generating approximately 42◦ pronation and 65◦
supination motions. The range of forearm rotation motion of
the patient is approximately 107◦, which is approximately 67%
of that of the healthy participant, making it possible for the
patient to perform some ADLs voluntarily, as demonstrated in
the Supplementary video.

B. Evaluation of the FMI

The performance of the FMI was evaluated to validate its
effectiveness in voluntarily controlling the exoskeleton by the
patient 1 under two separate control modes: hand control and
forearm control. Before the actual experiments, a short training
session was provided for the patient. First, we demonstrated
all foot gestures to the patient and explained the mapping from
foot gestures to hand gestures, as introduced in Section II-C.
Then, we allowed the patient to practice a few times and
become familiar with every foot gesture.

While conducting the hand control experiment, the patient
was asked to continuously perform some foot gestures by
following the target hand gestures displayed on a screen.
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During this period, the plantar pattern matrix, X(k) and target
hand gestures were recorded and stored in the memory, which
was extracted in batches to train the R-LLGMN using the sto-
chastic gradient descent (SGD) optimizer. In this experiment,
k is set to 10, therefore, the size of X(k) is 10×4. The training
data collection takes about 120 seconds, and the collected
sample data size was 300 × 10 × 4. The number of training
iterations was set to 1000. The RLLGMN training takes about
30 seconds. The trained R-LLGMN was then employed to
control the hand exoskeleton using the aforementioned control
method. Subsequently, the patient was asked to operate the
hand exoskeleton using the foot on the unaffected side to
follow some random targeted hand gestures or the mode switch
command displayed on the screen. Note that, for ease of
hand control evaluation, the mode switch was closed, and
the exoskeleton control mode remained unchanged during the
hand control experiment. In addition, a brief pause occurs
when switching these targeted gestures to allow the patient
to switch foot gestures. The results of the hand control exper-
iment, as shown in Fig. 10(a), demonstrate that the patient can
easily switch hand gestures and perform every hand gesture
with a success rate of 100%.

While conducting the forearm control experiment, the
patient was asked to operate the foot-controlled forearm
exoskeleton to first reach a static target and then track a
dynamic trace of the forearm P/S movements displayed on the
screen. Moreover, the forearm rotational angle, θ is displayed
on the screen to provide feedback to the patient. θ is calculated
using the motor rotational angle based on the relationship
between the motor and forearm rotational angles, as described
in Fig. 9(a). Each experiment was conducted ten times for
every static target forearm angle, and the errors between the
reached angles and targeted angles were recorded. The patient
could rotate his forearm to specific targeted angle with static
error less than 1.7◦, as shown in Fig. 10(b).

The results of these two experiments indicate that the
proposed FMI is capable of voluntarily controlling the
hand/forearm exoskeleton with satisfactory accuracy.

C. Performance of Foot-Controlled Hand/Forearm
Exoskeleton in Activities of Daily Living

In this experiment, two patients were asked to accomplish
the following unimanual (a-c) and bimanual (d-g) tasks with
the assistance of a foot-controlled hand/forearm exoskeleton:

a) moving common objects in daily life, such as balls and
wooden blocks;

b) picking up a fork and eating a piece of cake with the
fork;

c) picking up a spoon and adding sugar to a cup with the
spoon;

d) unscrewing a bottle cap and drinking water in the bottle;
e) pinching and drawing a card from a pack;
f) picking up a key to open a lock;
g) threading a needle;
Figure 11, the Supplementary Video shows the experi-

mental results. These results exhibit that both patients can
accomplish all tasks with the assistance of the foot-controlled

Fig. 10. Evaluation of the FMI. (a) During hand control, the patient is
can easily switch hand gesture and perform every gesture with success
rate of 100%. Gs is the foot gesture Gswitch. (b) During forearm control,
the patient can rotate his forearm with a static error of less than 1.7◦.

hand/forearm exoskeleton. For bimanual operation tasks, the
patient’s limb on the unaffected side can coordinate with the
paretic limb assisted by the exoskeleton. These experimen-
tal results demonstrate that the foot-controlled hand/forearm
exoskeleton can restore many voluntary ADLs in patients with
chronic hemiparetic upper limbs.

D. Discussions

This study presents a foot-controlled hand/forearm
exoskeleton that enables patients with chronic hemiparesis
to restore their voluntary bimanual ADLs. The exoskeleton
can simultaneously provide both active hand gestures and
forearm rotation assistances. In this study, we demonstrate
the stroke patient 1 is able to accomplish all real-life tasks
with the assistance of the foot-controlled hand/forearm
exoskeleton. The stroke patient 2 can also accomplish all
tasks with the assistance of the foot-controlled hand/forearm
exoskeleton except task d. Since his shoulder and elbow are
weak, he has to pour the water into a cup instead of directly
drinking from the bottle as shown in the Supplementary
Video. Therefore, the exoskeleton is suitable for patients with
full or partial shoulder and elbow mobility but without hand
and forearm mobility. Additionally, the FMI provides patients
with an easy and intuitive operation of six hand gestures and
continuous forearm P/S control. Compared to existing studies
about foot control, proposed FMI has following advantages:
1) As opposed to IMU-based FMIs, the proposed FMI is
easy to use because no complicated re-zero procedures are
necessary. 2) In contrast to devices controlled using EMG
of legs, misclassification of hand/forearm movements caused
by biomechanical coupling between leg movements does not
occur in the proposed exoskeletons. Therefore, the patient
can control six hand gestures with a success rate of 100%. 3)
On the basis of FMIs using each pressure sensor separately,
a combination of sensor outputs is used to increase the
number of user control inputs to operate large degree-of-
freedom movements of the hand/forearm exoskeleton. The
proposed FMI can control up to 16 hand gestures, which
has been discussed in Section II-C. The method is suitable
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Fig. 11. Examples of ADLs performed voluntarily by the stroke patient 1 with the assistance of the foot-contolled hand/forearm exoskeleton. The 1st
example (Picking up a fork and eating a piece of cake using the fork) can be broken down into the following steps: (a1) starting; (a2) grasping the fork;
(a3) control mode switch; (a4) forearm supination; (a5) eating. The 2nd example (Picking up a spoon and adding sugar to a cup using the spoon)
can be broken down into the following steps: (b1) starting; (b2) grasping the spoon; (b3) control mode switch; (b4) forearm supination and loading
the spoon with sugar; (b5) forearm pronation and adding sugar to a cup. The patient gave his permission for this photograph to be reproduced.

for most stroke patients because their unaffected foot can be
used to operate FMI. Furthermore, patients with upper limb
amputation may benefit from the foot-controlled prosthetic
arm.

Also, cognitive impairment may be a factor limiting the
applicability of the foot-control hand/forearm exoskeleton.
In this study, the cognitive level of the stroke patient 2 is
significantly weaker than that of the stroke patient 1, espe-
cially in language expression and comprehension. In the
experiment, the stroke patient 2 is required to spend more
training time than stroke patient 1 to be familiar with the
foot gestures and their mapping to hand gestures. However,
the stroke patient 2 can also voluntarily operate the foot-
controlled hand/forearm exoskeleton to accomplish real-life
tasks. It is indicated that cognitive impairment doesn’t affect
the hand-foot coordination of stroke patients, which will be
further confirmed by increasing the number of stroke par-
ticipants in our future study. In addition, long-term training
is believed to improve the dexterity of the patient’s foot to
accurately control larger number of hand gestures and arm
movements.

However, this experimental study had several limitations.
First, we observed that the forearm P/S range of the patient
was reduced when the spastic muscle tone increased, indi-
cating that the forearm assistance mechanism can be further
improved to deal with the large resistance torque of the
forearm P/S. Second, plantar pressure can be utilized to
control the grasping force of the hand exoskeleton, which
will be explored in our future study to improve the grasping
quality of patients in their ADLs. Finally, the proposed FMI
is applied barefoot in this study to avoid reduced accuracy
caused by different sensor locations every time patients wear
shoes or socks. We will integrate more plantar sensors into
insoles or shoes in our future study to make the FMI easier
to use.

V. CONCLUSION

This study proposes a foot-controlled hand/forearm
exoskeleton to allow chronic hemiparetic patients to restore
their voluntary bimanual activities. Moreover, we evaluated the
effectiveness of the foot-controlled hand/forearm exoskeleton
for daily life assistance in two chronic hemiparetic patients.
The experimental results presented in Section IV indicate
that one of the patients can perform six hand gestures with
success rates of 100% and 107◦ forearm P/S movements, with
a static control error less than 1.7◦. Through the coordination
between the unaffected and paretic limbs, assisted by the foot-
controlled hand/forearm exoskeleton, both patients can restore
many voluntary ADLs, such as unscrewing the bottle cap,
drinking, and eating. This study provides a new approach
toward restoring the activities of patients with hemiparesis.
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