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1  Introduction

Neurological disorders are the most common disability and 
the second most common cause of death worldwide [1]. 
These disorders are associated with affected Central and 
Peripheral Nervous Systems (CNS and PNS). The nervous 
systems integrate information from the visual, vestibular, 
proprioceptive, and cognitive signals in order to maintain 
continuous sensory re-weighting and postural control during 
Activities of Daily Living (ADL) [2]. Disorder in integrat-
ing multi-sensory information causes them to experience a 
lack of balance and motor control, significantly influencing 
Quality of Life (QoL) [3].

The CNS uses two fundamental muscular adjustments to 
maintain balance during different conditions, namely, Antic-
ipatory and Compensatory Postural Adjustments (APAs and 
CPAs). APAs engage and activate the muscles before an 
impending external/internal perturbation occurs. It reduces 
the risk of deterioration in balance by regulating the posi-
tion of the Center of Mass (CoM). CPAs allow the CoM 
to be re-positioned by controlling the muscles after posture 
has been disturbed [4–6]. Research shows that falls often 
occur during daily activities due to postural deficiencies 
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Abstract
In this study, we present the design and development evaluation of BalanSENS toward the realization of the Integrated 
Balance Rehabilitation (I-BaR) framework. BalanSENS is designed to encourage active participation by integrating multi-
sensory information with the co-improvement of sensory and motor functions. Moreover, it can offer individual rehabili-
tation design with the integration of three phases. The first phase provides foot-ankle muscle activation and movement 
sensation development. In the second phase, sensory weighting skills and upper extremities independence can be improved 
by using multi-sensory input. In the last/stepping phase, walking parameters are aimed to be improved with modulated 
distance. The parallel manipulator is designed through simulations to determine actuation properties and analyze the load-
bearing capacity and feasibility of the materials. Drawing from simulation outcomes, an operational 3 DoF platform is 
constructed to demonstrate their design suitability for the I-BaR framework. Furthermore, design evaluations demonstrated 
promising results in quantifying force and real-time data monitoring during the passive ankle preparation phase.

Keywords  Integrated balance rehabilitation (I-BaR) · Robotic rehabilitation · Multi-modal sensory feedback · Postural 
adjustment
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([7–9]). Furthermore, impairments in APAs or CPAs can 
negatively affect each other, highlighting the importance 
of assessing and training both in rehabilitation ( [10–12]). 
Several research results show that rehabilitation programs 
can improve these adjustments to enhance patients’ postural 
control and decrease fall rate [4, 5]. These studies indicate 
that exposure to predicted perturbations enhances com-
pensatory muscle activity and body pressure center adjust-
ments, demonstrating that retraining APAs is possible [5].

One method to improve the postural adjustments and 
decrease the fall rate is through Perturbation-based Bal-
ance Training (PBT) [5]. This training aims to perform 
body movements and improve CoM deviation control by 
applying large and destructive forces. PBT programs are 
essential for training balance reactions adaptable to vari-
ous situations, aspects, amplitudes, and cognitive activities 
[13]. As balance reactions improve, the ability to respond to 
unexpected balance loss in daily activities increases, leading 
to fewer falls [14–16]. While traditional PBT studies used 
manual pushes and pulls by physiotherapists, recent meth-
ods include treadmill acceleration-deceleration and moving 
platforms to simulate real-life perturbations [17, 18]. Per-
turbation training while walking is suggested as effective 
in reducing falls among the elderly, with improvements 
in balance control lasting up to a year [5]. Some studies 
even indicate that a single PBT session can lead to lasting 
improvements in reactive balance [19–21].

Some of the PBT applications with robot-assisted reha-
bilitation are studies on balance platforms. The robotic 
balance platforms aim to improve patients’ postural adjust-
ments depending on the position of the CoM and Elec-
tromyography (EMG) [22]. Various platforms have been 
commercialized, e.g., Hunovo [23], Bobo Balance [24], 
gePRO [25], and Huber 360 [26]. These Degrees of Free-
dom (DoF) systems intentionally imbalance patients. How-
ever, due to the lack of sensory stimulation, weight transfer 
training for balance cannot be provided. Also, there are plat-
forms in balance rehabilitation, such as MRABT, targeted at 
post-stroke patients. It supports the patient at the hip with a 
parallel robotic arm mounted on a movable platform. When 
the patient’s CoM deviates from the predetermined safe 
area, the compliant robotic arm offers support to train the 
patient in real-life activities [27]. Additionally, the CAREN 
[28, 29] consists of a treadmill placed on top of the 6-DoF 
Stewart platform so that patients may experience perturba-
tion from different angles while walking on the treadmill. 
However, due to the lack of sensory stimulation on the sole, 
weight transfer/pressure distribution training and personal-
ization cannot be provided during PBT.

Prior to balance rehabilitation, it is very critical to 
improve the Range of Motion (ROM (plantar flexion/dor-
siflexion, inversion/eversion, and abduction/adduction 

movements)) and proprioception and to measure somato-
sensory impairment levels so that the rehabilitation process 
can be tailored to the individual. There is no preparation 
phase in which these measurements are made in existing 
balance rehabilitation systems. In this context, systems in 
which the somatosensory disorders of individuals can be 
determined during the preparation phase are required. The 
robotic ankle platforms aim to improve this ankle prepa-
ration phase. There are different parallel manipulators 
designed with various DoF: the Rutgers ankle with 6-DoF 
[30], ARBOT with 3-DoF [31], CARR with pneumatic-
driven motor and 3-DoF [32]. Unfortunately, the mentioned 
parallel manipulators lack haptic and force sensors in their 
end effectors, which limits the ability to measure pressure 
changes and provide haptic feedback input on the sole of the 
foot. Moreover, these platforms are not suitable for balance 
training after completing ankle proprioception rehabilitation 
due to their limited end effector area that can accommodate 
only foot and their low weight-bearing capacity. In addition, 
active participation is crucial in ankle and balance rehabili-
tation robots. Prolonged passive training, where the patient 
merely follows the robot’s movements, has been shown to 
be ineffective in significantly enhancing brain plasticity and 
motor recovery [33, 34]. The "Assist-as-Needed (AAN)" 
approach, which adjusts assistance based on the patient’s 
ability or task performance, is more effective. Research 
strongly supports that active participation promotes plas-
ticity, so robotic controllers should intervene minimally to 
encourage patient involvement and recovery [35]. There-
fore, training decisions with robotic devices should adhere 
to the AAN paradigm or impedance control to enforcement 
active force [36, 37]. However, most of the systems in the 
market are only able to perform passive training.

Apart from the external perturbation provided by a sys-
tem, body movements such as stepping produce an internal 
perturbation. The Choice Step Reaction Time (CSRT) test is 
used to assess a person’s ability to quickly trigger and com-
plete a step action by self-perturbing the balance. During the 
test, the subject must step into one of the different targets 
placed straight and diagonally in front of him/her. This is 
used to explain and improve the relationship between APA 
parameters, stride length, and target distance during the 
transition from a static to a dynamic stance since stepping 
rehabilitation aims to enhance walking parameters, stepping 
accuracy, and the ability to step at various target distances 
[19, 38]. Fitts’ law, which relates the time required to move 
to a target with the target’s width and distance, is applied to 
understand motor planning in this context [11]. This law is 
used in the CSRT test to analyze the time it takes to com-
plete a foot-reaching task and improve walking parameters. 
However, with these tests, the distance between the target 
positions and the starting point is changed manually instead 
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of the robotic/automatically adjustable distance. In addition, 
these targets only include a switch to measure reaction time 
and do not assess ground reaction force (GRF) for haptic 
feedback, limiting the ability to train patients in pressure 
distribution control. [11, 39].

The rehabilitation treatments used to improve motor 
skills and postural control based on the interconnection of 
sensory, cognitive, and motor processes; thus, the necessity 
for integrated training is increasing as well. Therefore, the 
Integrated Balance Rehabilitation (I-BaR) [6] framework is 
proposed in three phases, namely, ankle-foot, balance, and 
stepping. The ankle-foot/preparation phase aims to increase 
mobility, joint proprioception, and sole sensation. The bal-
ance phase aims to enhance sensory weighting abilities via 
PBT. Lastly, the stepping phase aims to enhance walking 
characteristics by performing stepping at adjustable-dis-
tance target points with internal/external perturbation.

In this study, we present the design of a novel Balan-
SENS system that is suitable for the I-BaR framework. In 
the first phase, ankle rehabilitation, the patient is seated 
on a chair while the ankle ROM, strength, proprioception, 
and sensory training are performed by the 3-DoF parallel 
manipulator. In the second phase, balance rehabilitation, 
sensory weighting skills are developed from motor learning 
by using multi-sensory input during PBT. Also, the support 
surface on the end effector of the parallel manipulator can 
be adjusted between 0-20o , so that the difficulty of treat-
ment can be changed during PBT. Furthermore, the system 
includes the haptic bar with this required upper limb support 
that can be measured. If the patients exceed their upper limb 
support threshold value and they are triggered with a vibra-
tion motor to use their lower extremities instead of relying 
on their upper extremities. In the last phase, stepping reha-
bilitation, according to the given signal, it is required from 
patients to step to the target points that are placed straight 
and diagonally with adjustable distance. The BalanSENS 
includes different sensors, e.g., vibration motors, load cells, 
IMU, and EMG so that throughout all phases, the measure-
ments can be realized quantitatively and objectively. The 
system design is initially evaluated for the ankle passive 
preparation phase as a means of simulation and real-time 
characterization tests. The system design principles (sensor 

placement, servo motor specification, workspace restric-
tion), designed electrical and load cell panels, and circuits 
are examined with these tests. As a result, it is proved that 
the system is suitable for the I-BaR protocol, and further 
prototypes of the system and I-BaR application are in our 
future work.

This paper introduces a fully personalized rehabilitation 
system designed to patients with varying levels of severity 
or disorders, combining the three key phases of the I-BaR 
framework: ankle-foot, balance, and stepping rehabilitation. 
The study’s originality includes:

	● In the ankle phase, a customized therapy program is pro-
vided by identifying individual somatosensory disorders 
and delivering the necessary sensory information.

	● In the balance phase, the system offers evaluation and 
training for static posture, proactive balance, reaction 
time, and reactive balance, all essential for postural 
control.

	● During the stepping phase, the system assesses and en-
hances weight transfer capacity during the stance phase.

	● The rehabilitation approach evaluates CoM, ROM, sole 
pressure distribution, and sole sensory input parameters.

	● The Foot Rotation Angle (FRA) on the upper platform’s 
foot plates is adjustable, i.e., ground support surface 
is adjustable so patients can participate with gradual 
improvement.

	● The required upper extremity support by patients during 
PBT is calculated quantitatively with the haptic bar.

	● Proprioception and somatosensory disorder levels are 
measured, allowing for a personalized rehabilitation 
plan.

	● The chair is instrumented which means it includes load 
cell and vibration motor this will give the trunk move-
ment during sitting activities and we can analyze the up-
per limb movement during all rehabilitation phases.

	● The integrated balance rehabilitation process improves 
somatosensory information and weight transfer on the 
sole through haptic feedback.

	● The system incorporates VR games to boost treatment 
continuity and effectiveness with sensory feedback.

	● Multi-modal feedback is used to enhance sensory 
weighting skills.

2  BalanSENS design

The system should be developed to be comfortable for 
the user, adjustable, and available in various sizes. In this 
regards, requirements in the design process of the sys-
tem, are given in Table 1. The lower and upper limits are 

Table 1  Design criteria consideration [40]
Body parts Minimum (mm) Maximum (mm)
Height 1505 1855
Eye height 1405 1745
Sitting eye height 685 845
Knuckle height 660 825
Knee height 455 595
Hand breadth 70 95
Foot length 215 285
Body mass (kg) 44 100
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should have a range between 435–550  mm (see Fig.  1d) 
[40].

The 3-DoF parallel manipulator (see Fig.  1b) provides 
a dynamic environment during ankle and balance rehabili-
tation. It is equipped with three linear actuators mounted 
between the end-effector and the base of the robot. It is able 
to rotate in roll (α ) and pitch (β ) angles and moves along 
the z-axis. Roll and pitch are one of the most used angle 
changes by the ankle, and the elevation of the system in the 
z-axis also covers most of the active activities in real life. 
While the rotational adjustments in the roll and pitch axes 
are adequate for ankle movement, the translational shift 
along the z-axis also significantly impacts balance. These 
movements are also noticeable in many everyday activities, 
such as stepping, climbing stairs, and the recoil reactions 
generated by the feet. For instance, when ascending stairs, 
the body must adapt to the change in height with each step, 
requiring precise control over the z-axis movement to avoid 
imbalance. Similarly, plantarflexion/dorsiflexion movement 
enables a person to press a car’s gas pedal or allows ballet 
dancers to stand on their toes. It involves the downward/for-
ward motion of the foot away from the body and plays a key 
role in actions that require pushing off the ground. Inver-
sion and eversion, on the other hand, help the foot adapt to 
various surfaces and terrains, whether walking on uneven 
ground, climbing stairs, or running on a track. The combi-
nation of these foot movements with the z-axis elevation is 
vital for maintaining stability and balance during dynamic 
activities. These coordinated movements ensure effec-
tive propulsion and balance, whether adjusting to changes 
in height while climbing stairs or adapting to different 

determined with the 5th and 95th percentile for female and 
male proportions, respectively, so that 95% of the user pop-
ulation would be compensated [40].

There are three different modules on the BalanSENS 
system (see Fig.  1a), which can be customized for differ-
ent rehabilitation methods based on the patients’ needs. The 
chair placement and the first step target points are included 
in the first module (see Fig. 1b, c) to be used in ankle-foot 
and stepping rehabilitation, respectively. In the second mod-
ule, there is a parallel manipulator, to be used for two tasks. 
First, it can give perturbation (in ankle-foot and balance 
rehabilitation), and second, patients can use the end effec-
tor of the manipulator as the second stepping region. The 
third module includes the Virtual Reality (VR) setup, and 
the third step targets points. With this aim, our research pro-
poses a completely personalized rehabilitation system for 
neurological patients with different severity levels. It inte-
grates three main phases of I-BaR, i.e., ankle-foot, balance, 
and stepping rehabilitation. Each region and customization 
for the I-BaR protocol is detailed in Sects. 2.1, 2.2, and 2.3.

2.1  Ankle Rehabilitation

The first step module is removed during ankle rehabilita-
tion, and a chair is placed in agreement with the ergonomic 
parameters (see Table 1, Fig. 1b, c). Hip-popliteal length, 
hip width, and shoulder height are some of the important 
parameters for personalized chair design criteria. Addi-
tionally, the distance between the knee, hip-popliteal, and 
parallel manipulator distance must be adjustable since each 
patient has a different body size. Similarly, the chair’s height 

Fig. 1  Representation of a BalanSENS, b the removal of the 1. region, c chair placement, d ankle rehabilitation set-up, e end effector layers, f top 
view of upper platform, g foot rotation angle-support area relationship, h top view of lower platform, and i foot plate detail
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2.2  Balance Rehabilitation

The 3-DoF parallel manipulator (see Fig. 1b) can measure 
reaction time, pressure distribution, and CoM. Thus, the 
platform provides a quantitative assessment of patients’ 
balance ability and their cognitive responses to compen-
sate for the impaired balance against the perturbations with 
various tasks and multiple motor inputs. As in Sect. 2.1, the 
platform movement initiates with a limited ROM, and as 
the level progresses, the angular deviation increases up to 
the maximum ankle anthropomorphic. Thus, once patients 
begin to control the preliminary minor perturbations, they 
can balance the major perturbations better (see Fig.  2b 
ROM section limit).

The Foot Rotation Angle (FRA) on the upper platform’s 
foot plates is adjustable between 0–20o  (see Fig.  1f-g). 
As the angle between the FRA decreases, the movement 
becomes more difficult due to the decrease in the support 
surface. In balance rehabilitation, the foot rotational angle 
value gradually reduces as shown in Fig.  2b support sur-
face specification so patients can participate with gradual 
improvement. The lower platform (see Fig. 1e-h), located 
just below the upper platform, is responsible for evaluating 
patients’ CoM. The necessary data for calculating the CoM 
of the body in the x-y coordinate plane are obtained through 
three load cells positioned at the vertices of a equilateral tri-
angle located on the lower platform, as depicted in Fig. 1h. 
The CoM is subsequently computed using Eqs.  1 and 2 
as each corner weight is calculated with its corresponding 
weight on the load cell and r represents the distance from 
each vertex to the centroid of the equilateral triangles. This 
instantaneous CoM measurement can be useful to pro-
vide feedback to the control architecture to determine the 
patient’s postural control capacity and adjust the level of 
assistance.

surfaces while walking or running. The interplay between 
rotational and translational movements is essential not only 
for everyday activities but also for more complex tasks that 
demand greater balance and coordination, detailed design 
motivations are explained in our previous work [41]. These 
DoFs are chosen to provide mechanical simplification of 
the system while providing quality PBT. The ankle ROM 
(see Fig. 1d) is limited with 0-20o  dorsiflexion, 0-50o  plan-
tarflexion, 0-10o  adduction, 0-5o  abduction, 0–20o  eversion 
and 0–35o  inversion [42]. While in therapy, upper limits are 
determined according to the severity levels of the patient 
and are gradually increased to the maximum limit based 
on their performance. Thus, ankle ROMs and propriocep-
tion are improved gradually (I-BaR specification in Fig. 2a 
ROM section).

The end effector of the parallel manipulator (see Fig. 1e) 
is designed as a two-layer structure retaining multiple load 
cells and vibration motors. The upper platform (see Fig. 1f) 
is responsible for evaluating the pressure obtained from the 
soles of the feet. There are two separate foot plates (see 
Fig. 1f–i) for the right and left feet on the upper platform. 
Each foot plate is divided into four regions, i.e., toes, meta-
tarsals, middle foot, and heel. These regions are known as 
the more weight-bearing regions on the feet and are used as 
a reference when determining the placement of the load cells 
[43]. Furthermore, it is indicated that 43% of patients have 
decreased sensations in their soles [44]. For these reasons, 
as shown in Fig.  1i, vibration motors are placed on each 
of the regions. These motors are activated if the patient’s 
weight transfer/pressure is insufficient during propriocep-
tion training. With this feedback, the patient can sense the 
amount of weight transfer and pressure on their soles and 
be trained to transfer their weight correctly to prevent falls. 
This feedback specification and VR environment can be 
used in ankle rehabilitation as multi, uni, and no feedback 
option (for the I-BaR ankle specification, see Fig. 2A Feed-
back section).

Fig. 2  I-BaR protocol with BalanSENS
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research on balance control has shown that adopting an 
external focus of attention compared to an internal focus of 
attention results in better performance during motor skills 
[11]. For the reason stated, the external starting signal can 
be provided visually with VR and auditory with a sound 
warning in stepping rehabilitation. The warning selection 
can be made as multi, uni, and no feedback option (see 
Fig. 2). The distance between the stepping locations can be 
modified between 15–75  cm (as seen in Figs.  2c and 3a, 
b) better to comprehend the correlation between movement 
speed and accuracy.

Foot plates are strategically positioned on designated 
target points, enabling the calculation of Ground Reaction 
Force (GRF) and providing haptic feedback as an additional 
external signal in cases where patients are unable to initiate 
a step following the initial external signal. The muscle activ-
ity is determined according to two measurement parameters: 
the time window between the onset of the muscle activity 
measured by wireless and mobile EMG service and the 
through-the-movement kinematics. The BalanSENS incor-
porates a linear guide system for adjusting the position of 
the target points. The utilization of the linear guide system 
presents an additional benefit by introducing perturbations 
during the patient’s progression toward the target points, 
facilitating a dynamic rehabilitation approach that closely 
emulates ADL. The velocity of these perturbations can be 
customized based on the severity level of the patient, allow-
ing for personalized rehabilitation interventions.

2.4  Wearable Sensors

One of the most beneficial rehabilitation techniques is 
task-oriented training that provides feedback from various 
sensory inputs, such as pressure, vibration, and propriocep-
tion [2]. These inputs aid in overcoming the loss of motor 
function caused by the damaged neuromuscular system 
by developing compensating mechanisms and strategies. 
During rehabilitation, the specific EMG placement should 
be adjusted with the help of a physiotherapist for each 
patient. Still, the data measured by focusing on the impor-
tant muscle groups, the tibialis anterior, medial gastrocne-
mius, rectus femoris, biceps femoris, and gluteus medius, 
provide valuable information about the patient’s perfor-
mance. One way to address this problem is with Vibrotactile 
Feedback (VF) [45] since it provides haptic stimuli to the 
points where the loss of sensations and triggers the required 
region. That’s why, VF rings are placed on the patient. If the 
patient’s muscle activity is decreased and delayed (which 
is measured with wireless and mobile EMG service), VF 
rings starts stimulate/trigger the patient’s responsible mus-
cle groups through a feedforward signal. That’s why, VF 
rings (see Fig. 3c–e) are placed on the patient. If the patient 

COMx =
(weight1)r − (r sin (30o))weight2− (r sin (30o))weight3

weight1 + weight2 + weight3
� (1)

COMy =
(r cos (30o)weight2− (r cos (30o))weight3

weight2 + weight3
� (2)

The required upper extremity support by patients during 
PBT is calculated quantitatively with the haptic bar, which 
contains load cells and vibration motors (see Fig. 1c). The 
width of the haptic bar is designed according to the hand 
width of an average person (for ease of grasp), and their 
height can be adjusted according to the needs of the patients 
(600–900 mm) [40]. First of all, patients with high balance 
loss are asked to balance their CoM during PBT with the 
complete help of haptic bars. As the patient’s postural con-
trol improves, an upper extremity support threshold value 
is determined for each individual and is constantly updated 
during rehabilitation (see Fig. 2b Bar Support). If the patient 
exceeds the threshold, haptic feedback is applied to reduce 
the upper limb support and regain their balance by using 
their lower limb. As patients progress in their balance 
capacity during rehabilitation, they are asked to receive 
upper limb support only when necessary. Consequently, it is 
intended that they use their affected lower limb rather than 
relying on the upper limb.

2.3  Stepping Rehabilitation

While walking rehabilitation primarily aims to enhance 
muscle contribution and activation during continuous walk-
ing, stepping rehabilitation focus diverges. Its objective is 
to enhance the patient’s decision-making process rather than 
directly improving their walking performance. Stepping 
rehabilitation is used to enhance the ability to step over spe-
cific target distances, step accuracy, and gait characteristics. 
Furthermore, while treadmill-based balance rehabilitation 
proves beneficial for individuals with higher impairment 
levels, the focus on stepping rehabilitation caters to a dif-
ferent demographic. Specifically, stepping rehabilitation’s 
target group comprises individuals capable of walking but 
exhibiting slower reactions and sensory processing.

The modifiable stepping target points are essential since 
variations in APAs, and muscle and strength duration are 
influenced by task distance: the more challenging the task, 
the later postural muscle activity begins. Particularly, at 
stepping long distances, patients realize the movement faster 
with their own compensation strategies, which reduces the 
quality of motion, whereas at stepping short distances, their 
motion is slower, controlled, and precise. This compensa-
tion can be assessed with BalanSENS by analyzing the rela-
tionship between muscle activity (EMG), postural control 
(CoM deviation control), movement speed, and accuracy 
(weight shift and pressure distribution). Moreover, previous 
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3.1  ADAMS Analysis

The ADAMs program analyzes the velocity, position, force, 
and torque values that are derived from the kinematic and 
dynamic equations. The determined force/torque values 
are used when deciding on the linear actuator. After the 
model is transmitted to software (see Fig. 4), the joint type 
is assigned to its corresponding part (Spherical, prismatic, 
revolute and fixed). Then, the external force applied on the 
model to see what is the applied force on each actuator dur-
ing each motion.

The parallel manipulator has 3-DoF (rotations in roll 
and pitch directions and linear translation in the z-axis) 
and includes three linear actuators. Each actuator acts in 

does not show muscle activity (measured with wireless and 
mobile EMG service), VF rings are used to stimulate/trig-
ger the patient’s muscles with a feedforward signal. In these 
rings, the vibration motor is placed around the soft tissue 
and attached to a belt so it is not in direct contact with the 
patients, and the diameter of the ring can be adjusted. The 
frequency of vibration motors should be determined by the 
individual’s sole of the feet sensation. To achieve this, the 
range between 100 Hz and 200 Hz should be divided into 
five equal intervals and then tested on the patient. Based 
on the first feedback, the personalized vibration motor fre-
quency can be determined by conducting at least five trials 
within the selected interval that aligns with the individual’s 
response. Similarly, postural sway is evaluated by measur-
ing the trunk, arms, and legs of the patients by Inertial Mea-
surement Unit (IMU) ring (see Fig. 3c, d).

3  Simulation Analysis

The kinematic and dynamic analyses of the proposed 3-DoF 
parallel manipulator are based on closed-loop kinematic 
equations and the Lagrangian method, respectively. As a 
result, the angular equations and relations for the physical 
variables of the mechanism are presented in our previous 
work [41].

Fig. 4  ADAMs simulation model

 

Fig. 3  Representation of a step rehabilitation set-up, b stepping measurement process, c Wearable sensor placement, d IMU embedded ring, and 
e Vibration motor embedded ring
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actuators work against each other so the force requirement 
is highest. The first linear actuator demonstrates a maximum 
required force of 1350 N, as shown in Fig. 5b, and servo 
motor capacity is chosen accordingly.

3.2  ANSYS Analysis

The feasibility of the designed system, the safety of the per-
son on the device, and the reaction of the device under static 
stress are evaluated in ANSYS program (see Fig. 6). Thus, 
the stress, displacement, strain, and durability of the system 
are tested. Simulation is performed with summation of the 
maximum human weight limit and end effector weight. The 
material selection criteria are stiffness, strength, toughness, 
lightweight, and cost (see Fig. 7). The weight of the patient 
is distributed to foot plates, load cells, and lower platform, 
so these parts must have a high young modulus. Among the 
metallic materials considered, aluminum emerges as the 
optimal choice due to its lightweight nature and high modu-
lus, ensuring both durability and minimal strain on the lin-
ear actuator. Furthermore, since the patient does not directly 
apply force on the frame of the upper platform, ABS is cho-
sen as its material. The peak values of the result indicate 
that the compression force leads to a deformation of less 
than 1 mm, which is considered negligible and confirms the 
system is rigid and durable.

3.3  Simscape Analysis

Simscape analysis is used to verify the structural interac-
tion of the selected material and control of linear actuator 
because the dynamic model of the 3-DoF parallel manipu-
lator is composed of nonlinear functions of the state vari-
ables (Fig. 8), i.e., mass matrix, centrifugal and Coriolis 
matrix, gravity vector, forward and inverse kinematics 
[41]. This characteristic of the dynamic model makes the 
closed-loop control system nonlinear and difficult to solve. 
Computed Torque Control (CTC) is specifically useful for 
parallel manipulator types since its additional second loop 
leads to feedback linearization (see Fig. 9). The proposed 
parallel manipulator is modeled using the multibody library 

accordance with different references after controllable DoFs 
(rotation in roll and pitch and z translation) is given as a ref-
erence constraint equations are used to solve the yaw rotation 
and x and y translation; the detailed structure is expressed 
in our previous study [41]. Therefore, the positions of the 
motor movements to be given in the simulation are found 
by using inverse kinematics equations in MATLAB, and 
then the obtained function is written in the ADAMs pro-
gram. Two motion is shown as an example; the first one 
is for the solely z-translation in this motion, all actuators 
are moving in the same direction, but the maximum force 
is found as 568 N in the first linear actuator (end effector 
is not symmetrical thus load distribution creates this differ-
ence), as depicted in Fig. 5a. Similarly, in the second motion 
for the circular motion of the end effector in this motion all 

Fig. 6  Material selection on a All system, b 3 DoF parallel manipula-
tor, and c Motor joint

 

Fig. 5  a Required forces at z translation and b at circle motion
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angles and translation in the z-axis or combination between 
these axes. The Root-Mean-Square Errors (RMSEs) of the 
position tracking results of 4 different end effector refer-
ences are summarized in Table 2. Even though the RMSE 
value is similar to each other, the maximum one on the first 
actuator in z-translation motion.

in Simulink. The physical attributes of each solid compo-
nent, including inertia, mass, material, and geometry, are 
extracted from CAD model files. Then, parts were added to 
each other with frame transformation. Prismatic joints are 
defined in the piston part of linear actuators and force is 
given as input and the position of the joint is measured (see 
Fig see. Figure 9b each link is placed in green (first), blue 
(second), and yellow (third) colored areas). Then, the CTC 
simulation of linear actuators in a dynamic environment 
is evaluated. The end effector can rotate in roll and pitch 

Fig. 8  Computed torque control 
simulation model
 

Fig. 7  Total deformation of a 3rd region, b 1st region lower part, c 1st region upper part, d Foot plate, e Upper platform, f Lower platform, and g 
Motor joint
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design characteristics are evaluated during the passive ankle 
preparation phase. While the system comprises various 
components, the primary focus was on the dynamic aspect, 
specifically the 3-DoF parallel manipulator, because since 
this is a parallel manipulator, an error in the connection pre-
vented the prototype of the entire system. In addition, the 
same foot plates that have been used in the parallel manip-
ulator’s end effector are also used in the stepping targets 
by testing their data acquisition, a general structure can be 
obtained.

The manipulator’s sensors and motors are connected 
to two panels, namely the electrical and load cell panels 
(see Fig. 10, for their connection scheme, see supplemen-
tary material). The electrical panel comprises of computer 

4  Real-Time Analyses

The 3 DoF robotic manipulator prototype is built, and its 

Table 2  RMSE of linear actuators position tracking in Case 1: Transla-
tion in z, Case 2: Rotation in x and y, Case 3: Rotation in y, and Case 
4: Rotation in x
Actuator 
number

Case 1 Case 2 Case 3 Case 4

Actua-
tor 1

3.006 x 10−6 3.004 x 10−6 2.982 x 10−6 2.998 x 10−6

Actua-
tor 2

2.814 x 10−6 2.777 x 10−6 2.982 x 10−6 2.706 x 10−6

Actua-
tor 3

2.077 x 10−6 2.123 x 10−6 2.982 x 10−6 2.202 x 10−6

Fig. 10  a The first prototype of the designed parallel manipulator, b Electrical and c Load cell panel

 

Fig. 9  a Computed torque control simulation and b Simspace Model of the parallel manipulator
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workstation and sensor cables. All outside sensor cables are 
connected to the terminal. They are not connected directly 
to other components because output cables can be removed 
easily if something goes wrong with a sensor. Load cell 
cables are connected to the terminals, and then correspond-
ing cables go to analog input modules to transmit the data to 
the computer with EtherCAT Bus Coppler. Similarly, vibra-
tion motors terminal connections’ are connected to relays, 
and then relays are connected to digital output modules. If 
the vibration motors need to be triggered according to the 
data received from the load cell or EMG, the digital module 
will trigger the relays, ensuring that they are short-circuited, 
thus enabling the vibration motors to become active by 
passing current through them.

4.2  Load Cell Panel

The load cell panel (see Fig. 12) only includes the designed 
load cell amplifier circuit, and outputs from these circuits 
are connected to the analog input module in the electrical 
panel. Only the load cells in the parallel manipulator have 
been connected (11 units). In future testing, other load cell 
amplifiers also will be connected.

(NISE 50-J1900 (Intel Celeron processor J1900 quad Core, 
2.42GHz, 8 GB RAM)), circuit breaker, power supplies, 
servo driver (Estun Pronet-04AEG-EC), Solid State Relay, 
Terminal, Analog Input Module (CREVIS GT-3424), Digi-
tal Output Module (Crevis GT-226F), and EtherCAT Net-
work Adapter (Crevis GN-9386). CodeSyS software is used 
to facilitate the coordination and exchange of data between 
hardware modules and software applications. The load cell 
panel only includes the designed load cell amplifier circuit, 
and outputs from these circuits are connected to the ana-
log input module in the electrical panel. The amplifier cir-
cuit is designed with a notch filter to eliminate the 50 Hz 
power line noise. The load cell amplifier is simulated in the 
LtSpice software to ensure that the notch filter can remove 
the 50 Hz noise signal. Then, the Printed Circuit Board is 
designed on EAGLE software (for circuit design and simu-
lation, see supplementary material).

4.1  Electrical Panel

The robotic platform design includes a large number of 
sensors (load cell, vibration motor, IMU, and EMG); that’s 
why, in the long run, in order to solve communication prob-
lems, the manipulator’s sensors and motors are connected 
to two panels, namely the electrical and load cell panels. 
The internal wiring of the electrical panel is made among 
itself, and its connection to the outside is left only with the 

Fig. 11  Electrical panel connection scheme
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supply (Vinput), ground, inverting (Vin+) and non-invert-
ing (Vin-) inputs. They are connected to the PCB and sup-
ply and ground directly connected to the Integrated Circuit’s 
(IC)(INA125) supply (Vsupply) and ground. Similarly, 
inverting and non-inverting signals are connected to the 
notch filter then filtered signals are connected to the IC. The 
amplified output (Voutput) connected to the analog module 
in the electrical panel. Before this circuit (see Fig. 13c) was 
produced, the circuit was simulated in the LtSpice program 
(see Fig. 13a). PCB was produced after observing that the 

4.3  Load Cell Amplifier Design

Load cells are force transducers that convert force to electri-
cal signals. They are made of strain gauges in a Wheatstone 
bridge position. The strain gauge’s wire or foil is designed 
to vary resistance when force is applied. The signal’s ampli-
tude varies in direct proportion to the force exerted. How-
ever, it is hard to detect voltage changes accurately since 
the change in resistance is observed in millivolts by using 
amplifier circuit minor differences can be magnified into 
more detectable signals. Load cells have four cable voltage 

Fig. 13  a LtSpice simulation, b simulation result, and c PCB design of load cell amplifier

 

Fig. 12  Load cell panel connection 
scheme
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to ascertain the corresponding transfer functions for each 
servo motor. Following this, the Bode plots are obtained, 
displaying the gain and phase shift of the servo motors. This 
finding is particularly crucial in designing and implement-
ing control algorithms, as it helps select appropriate limits 
in rehabilitation [6]. The result shows that frequencies up 
to 6300 Hz (see Fig.  14) have high gain, and motors are 
controllable. In addition, even though the second and third 
servo motors have higher cutoff frequencies since they all 
are to be controlled with the same frequencies, the lowest 
one is taken as the limit. The phase plot of servo motors’ 
shows the time delay between the input and output signals. 
It does not exceed -180 degrees thus, the open loop response 
of the servo motors does not operate near the instability 
region in the I-BaR requirements [6].

The characteristics of servo motors are identified through 
a series of tests by velocity, accuracy, and response time as 
the same 3 DoF platform will be used in the all rehabilita-
tion process servo motor response in real-time is important. 
Thus, different position (10 to 100 mm) and velocity (10 to 
100 mm/s) inputs are analyzed to see the motors’ insights 
into the performance and behavior of the servos under dif-
ferent operating conditions. By analyzing the characteristics 
of the servo motors, their control capacities are proven for 
the I-BaR application [6], ensuring reliable and precise con-
trol in the system.

The system is tested with different velocities (from 10 
to 100  mm/s as set to be rehabilitation limit references) 
and target distances (from 10 mm to 100 mm is set to be 
the range in z translation) with a 2 ms sampling rate with 
five repetitions for each motion. As shown in Fig.  15, in 

notch filter can minimize the noise signal in the simulation 
(see Fig. 13b).

4.4  System Characterization

The system’s dynamic behavior and the motor’s performance 
characteristics are assessed by analyzing various frequen-
cies in the Bode plot. To examine this, a chirp signal (initial 
frequency starting at 10 Hz and ending at 1 kHz for 120 s.) 
is generated on the software and employed as a reference 
input for the servo motor (while the system is in assembly 
form). Subsequently, the collected data and the references 
are utilized in the MATLAB system identification toolbox 

Fig. 15  Servo motors position and torque tracking characteristics on low and high velocity

 

Fig. 14  Frequency response characteristics of the servo motors
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transmit data efficiently and accurately in real-time experi-
ments between panels.

These tests aimed to evaluate the device’s effectiveness/
limits in facilitating the ankle preparation phase and its 
sensor communication between the electric and load cell 
panels. Each trial involved specific sets exercise (subject 
passively placed her feet in the system), i.e., end effector 
rotation in roll and pitch and translation in z movements, 
then with the inverse kinematic equations (explained in 
[41]), corresponding servo motors’ positions are found and 
used as the reference trajectory.

Understanding the dynamic interaction between the 
servo motors and load cell sensors is crucial for ensuring 
the manipulator’s accurate control and reliable operation 
(between the load cell and electrical panels). Thus, the load 
cells, servo motor position tracking, and end effector ori-
entation data throughout the rehabilitation process are ana-
lyzed during each reference orientation (roll, pitch, and z 
limits). The servo motors were effectively manipulated to 
attain their intended positions by employing specific end 
effector references (roll, pitch, and z) through the utiliza-
tion of inverse kinematic equations. Subsequently, the 
measured end effector’s value is obtained from forward 
kinematic equations with linear actuators encoder data. The 
comparison between the values derived from these forward 
kinematic equations and the reference values is the first 
10-second values represented in Fig. 17. While the first two 
columns show the end effector orientation and position of 
the load cell during roll movement, the two in the middle 
show during pitch motion, and the last two show the move-
ment in the z-translation. This comparison shows the align-
ment between the referenced orientation and the measured 
results. Servo Load cells experimental trials’ mean and stan-
dard deviation have been presented in Table 4. The detailed 
analysis of each movement has been provided in the sup-
plementary materials file. The first 15-second values of the 
data collected for each load cell are presented in the Fig. 16 
during each motion. While the first two columns show the 
measurement of load cell during roll movement, the two 
in the middle show during pitch motion, and the last two 

the lowest target position (10 mm), velocities do not show 
a significant difference, whereas, in the highest target posi-
tion (100 mm), the differences become more evident (rise 
time decrease, and torque response and accuracy increase) 
as velocity increases. Table 3 summarizes the servo motor 
response at its lowest and highest value. The longest rise 
and settling time obtained as 9.039s and 11.261s, 9.043s and 
10.489s, and 9.031s and 11.507s for the first, second, and 
third servo motor, respectively, with the reference to go to 
the 100 mm position target with 10 mm/s. Whereas the high-
est amount of error time is obtained as 0.773mm, 0.772mm, 
and 0.773mm for the first, second, and third servo motor, 
respectively, with a reference to go to the 100 mm position 
target with 100  mm/s. Detailed explanations about differ-
ent position targets and velocities have been provided in the 
supplementary materials file.

4.5  Design Evaluation

The robotic platform design are evaluated by a series of 
experiments with one healthy subject; five repetitions of 
each experiment trial for 3 min with a 2 ms sampling rate 
are realized while the subject’s feet are placed on the proto-
type. The studies involving human participants are reviewed 
and approved by the University Research Ethics Council 
of Istanbul Medipol University under the E-66291034-
772.02-4494 number. The participant provided their writ-
ten informed consent to participate and data sharing in this 
study. The design testing is performed on one of the authors 
without a formal recruitment process, i.e., the recruitment 
period is not used in this paper. The experimental evaluation 
started on 15 May 2023 and ended on 29 May 2023.

The design evaluation tests are conducted to evaluate 
the protocols between servo motors, panels, and computer 
programs. The aim was to test the system’s capability to 

Table 3  RMSE, rise and settling time for different conditions
Servo motor, reference position and 
Reference velocity, respectively

Rise 
time 
[s]

Settling 
time 
[s]

RMSE 
[mm]

S1, Position 10 mm, Velocity 10 mm/s 0.942 2.172 0.110
S1, Position 10 mm, Velocity 100 mm/s 0.484 1.488 0.136
S1, Position 100 mm, Velocity 10 mm/s 9.039 11.261 0.281
S1, Position 100 mm, Velocity 100 mm/s 1.534 2.678 0.773
S2, Position 10 mm, Velocity 10 mm/s 0.942 1.750 0.100
S2, Position 10 mm, Velocity 100 mm/s 0.510 0.784 0.137
S2, Position 100 mm, Velocity 10 mm/s 9.043 10.489 0.276
S2, Position 100 mm, Velocity 100 mm/s 1.550 2.576 0.772
S3, Position 10 mm, Velocity 10 mm/s 0.932 1.992 0.107
S3, Position 10 mm, Velocity 100 mm/s 0.480 0.754 0.135
S3, Position 100 mm, Velocity 10 mm/s 9.031 11.507 0.277
S3, Position 100 mm, Velocity 100 mm/s 1.534 2.634 0.773

Table 4  Weight measurement of the subject’s feet while the end-effec-
tor is in z-translation, roll, and pitch motion
Load cell 
number

Z-translation 
[kg]

Roll [kg] Pitch [kg]

LC 1 1.297 ± 0.040 1.264 ± 0.066 1.218 ± 0.086
LC 2 0.469 ± 0.108 0.373 ± 0.094 0.556 ± 0.167
LC 3 0.603 ± 0.086 0.402 ± 0.063 0.799 ± 0.165
LC 4 1.048 ± 0.060 1.779 ± 0.096 1.917 ± 0.177
LC 5 1.089 ± 0.060 1.089 ± 0.085 1.276 ± 0.098
LC 6 0.487 ± 0.033 0.480 ± 0.025 0.497 ± 0.026
LC 7 0.467 ± 0.048 0.493 ± 0.075 0.453 ± 0.050
LC 8 1.798 ± 0.119 1.921 ± 0.250 1.947 ± 0.146
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metatarsals [43]. The mean and standard deviation of each 
load cell showed approximately the same oscillations across 
each experimental trial. The multiple-trial sets proved the 
consistency and reliability of the device’s performance 
across different reference inputs.

show the movement in the z-translation. Load cell numbers 
are divided according to the 4 sections on the footplate (see 
Fig. 1i) starting from the left foot, i.e., the foot sections of 
the left foot are numbered from 1 to 4 and the right foot 
sections are numbered from 5 to 8. The distribution in the 
load cell weight reading is similar to the pressure transfer 
on the sole of the foot reported in the literature. As seen in 
the Table 4, approximately 50% of the weight goes to the 
sole, while the remaining 50% is distributed to the toes and 

Fig. 17  The evaluation of end effector configuration in alpha during roll rotation, beta angle tracking during pitch rotation, and z position tracking 
in z translation, respectively

 

Fig. 16  Load cell measurements during design testing (Blue, black, and red color text represents roll, pitch, and z-translation movement, 
respectively)
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The stepping phase aims to improve walking initiation and 
other walking characteristics by stepping at different target 
points with distance and direction modulation.

The proposed 3 DoF platform is evaluated in simulation 
before building the prototype of the system. The system is 
simulated to select the properties of the servo motors, and 
analyze the load-bearing capacity and feasibility of the 
static parts, and the interaction of the selected materials and 
the servo motors affect the system control with the CTC 
method. The maximum required force values of the motors 
are found as 1350 N (see Fig. 5), and then linear actuator 
characteristics are determined accordingly. Furthermore, the 
results of feasibility analysis indicate that selected materials 
do not show significant deformation and are able to carry 
human weight. Lastly, in the CTC simulation, the maximum 
RMSE is found to be 3.006x10−6 in the first servo motor in 
Z-transformation. This simulation is conducted to prove that 
the selected material and linear actuator can be controlled 
together, and non-linearity due to the parallel manipulator 
structure can be compensated with CTC.

Following that, the 3 DoF platform is built based on these 
simulation results. This study investigates the communica-
tion and performance characteristics of the servo motors’ 
and load cell sensors to improve overall system performance 
and capabilities during further prototype construction and 
rehabilitation testing. Two panels are created to enable the 
system to communicate, namely a load cell panel and an 
electrical panel. The reason for the separate panels is to keep 
load cells’ analog signal as long distances as possible so that 
the analog signal is not affected by 50 Hz power line noise. 
One of the design testing aims was to analyze the communi-
cation of these two panels.

The characteristics of the servo motors and the design of 
the system are evaluated to see the 3 DoF parallel manipula-
tor and panels’ behavior during the ankle preparation phase. 
In the context of the characterization, a chirp signal (initial 
frequency starting at 10 Hz and ending at 1 kHz for 120 s) 
is given as a reference input to the assembled platform, and 
the output signal is recorded across various frequencies. The 
crucial facet of the analysis involves the identification of 
the cut-off frequencies. This frequency indicates a decline 
in the motor’s capacity to precisely and consistently react to 
input signals. It is vital to stay within the frequency range 
because, in human-subject experiments, the system must be 
stable. As the system operates with all motors within a uni-
fied control loop, the cut-off frequency for the entire setup is 
dictated by the lowest frequency among the motors, which 
was determined to be 6300 Hz (see Fig. 14). The end effec-
tor is not symmetrical, so during characterization, a higher 
force is applied to the first motor which is why its cut-off 
frequency was found to be lower. This cutoff frequency 
holds significant importance not only in terms of stability 

5  Discussion

Individuals with neurological disorders encounter difficul-
ties in walking, moving, balance, motor control, fatigue, and 
other health issues, all of which have a major influence on 
their ADL due to affected CNS and PNS. The PBT program 
is formed on motor learning principles such as the sequence 
of training, sensory feedback, assistance, instruction, and 
focus of attention, as well as exercise physiology principles, 
e.g., overload, adaptation, progression, individualization, 
and specificity. This training aims to improve the patient’s 
reaction time, CoM deviation, pressure distribution, APAs 
and CPAs, thus improving the quality of ADL [13].

Various systems and experimental procedures are devel-
oped for different types of disease and severity level. How-
ever, since these address specific severity levels, they cannot 
be used in the entire rehabilitation process. Ankle robots 
have been produced for patients who cannot stand and move 
their ankles. Similarly, robotic manipulators for balance 
rehabilitation are used to improve postural adjustments and 
reduce the fall rate for patients who can partially support 
their balance. Another method used to provide improvement 
in the development of postural adjustments is CSRT. Here, 
it is aimed that patients who have the capacity to take a step 
will take steps to certain target points according to the exter-
nal signal given to analyze postural adjustment parameters. 
Despite the benefits of robotic therapy, these target points 
are adjusted manually and do not have sensors to measure 
GRF. These can be addressed by placing a VF sensor on 
the end effector of the device and the targeted muscle group 
during PBT. Moreover, only VR game is used as feedback 
on these devices/tests thus, they cannot improve re-weight-
ing skills between different senses. This holds significance 
because, in everyday situations, individuals encounter vari-
ous stimuli simultaneously.

The proposed BalanSENS system encourages the active 
participation paradigm from the CNS to the PNS by integrat-
ing the aforementioned multi-sensory information with the 
co-improvement of sensory and motor functions. In order 
to meet the requirements specified in the I-BaR method, 
three main segments are integrated into the system. The 
BalanSENS platform that incorporates I-BaR methodology 
offers a protocol for individuals with different disease levels 
to participate in the rehabilitation process. It is explained 
in three phases, namely, ankle-foot, balance, and stepping. 
The first phase is for ankle-foot, as patients with severe 
conditions cannot stand and their ankle muscles are weak, 
which aims to increase mobility, joint proprioception, and 
sole sensation. Once the patient’s ankle condition improves, 
rehabilitation procedure continues with the initiation of the 
balance phase. This phase aims to enhance sensory weight-
ing abilities and provides gradual independence via PBT. 
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it is important to acknowledge some limitations that arise 
during this test. First of all, the evaluation is conducted with 
only one healthy subject. While this provides initial test-
ing feedback, it may not fully represent the wide range of 
potential users; thus, tests will be conducted with a larger 
population in the future. Despite these limitations, the func-
tionality tests demonstrate promising results, indicating that 
the system has the potential to be a valuable tool in the reha-
bilitation process for force measurement.

Furthermore, the position tracking of each servo motor 
on design testing is presented in Table 5. The maximum 
mean RMSE of position tracking is 0.699 mm at z transla-
tion. These position errors result in 0.24 degrees of error in 
the orientation of the end effector. When the corresponding 
distances are analyzed, these values are higher than the Sim-
scape CTC simulation. The error arises from mechanical 
imperfections, such as joint friction and sampling intervals 
(simulation involves continuity, whereas real-time opera-
tion involves signal discretization). Moreover, mechani-
cal imperfections and the non-linearity in kinematic and 
dynamic equations also contribute to this variation. Con-
sequently, our future aim also involves the application of 
diverse control techniques aimed at mitigating tracking 
discrepancies.

Overall, the impact of these characteristics and design 
tests is evident in the system’s ability to track movements 
and collect data successfully during the ankle prepara-
tion phase. The results provide valuable insights into the 
designed system’s performance, serving as a foundation for 
further refinement and improvement of the system’s design. 
In addition, in this article, the system design was tested on 
ankle preparation, in other words, the load cell evaluation 
was made while the system was active and the user was pas-
sive (I-BaR framework first testing (Patient Mode: Passive, 
Device Mode: Active, Feedback: None, and ROM: Max)). 
In future studies, different control methods will be tested 
on the servo motor in which patients can actively partici-
pate for further I-BaR framework testing (impedance con-
trol and CTC, etc.). In addition, patients to be included in 
the study should be able to stand for at least 60 s and walk 
at least 10 m without manual assistance. Furthermore, their 
Functional Ambulation Scale (FAS)<4, Berg Balance Scale 
(BBS)<40, and Modified Ashworth Scale (MAS)<3 lev-
els should be in the specified range. Thus, the system will 
be improved to be compatible with the above-mentioned 
patient group. Moreover, the remaining parts of the system 
will be prototyped, and balance and stepping rehabilitation 
will be studied.

but also in determining the velocity of perturbation. Con-
sidering the I-BaR velocities limitation, the results derived 
from the characterization tests are found to be satisfactory.

The second servo motor characteristics test was test-
ing the motors on different positions (10–100  mm) and 
velocities (10–100  mm/s) with accuracy, rise and settling 
time. The maximum RMSE values are obtained as 0.773 
mm when servos are given 100 mm position and 100 mm/s 
velocity at first servo motors. This position error results in a 
maximum error of 0.24 degrees in the orientation of the end 
effector. Although this angle value does not make a signifi-
cant difference for healthy people, it may be an important 
value in patients with high spasticity. While this character-
istics test provides valuable insights into the performance of 
the motors, it also revealed certain limitations that should 
be acknowledged during ankle preparation rehabilitation. 
This error is due to the non-linear kinematic equations and 
mechanical imperfections. Such problems are tackled by uti-
lizing CTC to alleviate non-linearity and replacing the ABS 
material used for the joints with aluminum, respectively. 
Moreover, the experiment identifies that the maximum rise 
and settling times occurred when the motors are operated 
at a position of 100 mm and a relatively lower velocity of 
10 mm/s. Additionally, the observed higher torque require-
ments time during this motion can cause mechanical stress 
on the system, which could impact its overall longevity and 
reliability.

The design functionality of the system is tested with one 
healthy subject with five experimental trials with a three 
minutes duration and 2 ms sampling rate. As seen in Table 
4, approximately 50% of the weight distribution went to 
the sole, while the remaining 50% is distributed to the toes 
and metatarsals as stated in literature. Furthermore, as seen 
in Fig.  16 at each trial, load cell’s measurements exhibit 
approximately the same oscillations across each experimen-
tal trial. This consistency in the oscillation patterns dem-
onstrates the system’s ability to consistently and accurately 
capture the applied forces during the exercises since they 
are conducted with the same healthy subject. It confirms 
that the system’s sensors can provide reliable and consistent 
data and make it a reliable tool for monitoring and assessing 
the force exerted during rehabilitation exercises. However, 

Table 5  Mean and standard deviation position tracking RMSE during 
functionality evaluation experimental trials
Servo 
motor 
number

Z-translation 
[mm]

Roll [mm] Pitch [mm]

Servo 1 0.699 ± 0.201 4.743e-5 ± 6.981e-6 0.261 ± 5.124e-
4

Servo 2 0.699 ± 0.199 0.200 ± 7.095e-4 0.261 ± 5.124e-
4

Servo 3 0.695 ± 0.176 0.196 ± 4.879e-4 0.695 ± 5.124e-
4
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force distribution in the haptic bar will be evaluated in the 
patients. Final rehabilitation tests include the stepping phase 
and the reaction time and weight transfer capacity will be 
evaluated.
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