
Am J Transl Res 2022;14(10):6889-6898
www.ajtr.org /ISSN:1943-8141/AJTR0144362

Original Article
Design and evaluation of a  
multimodal balance training system 

Zhan Zhao1, Jian-Min Zhu2, Hai-Po Cui1, Mei-Jun An3

1Shanghai Institute for Minimally Invasive Therapy, University of Shanghai for Science and Technology, Shanghai 
200093, PR China; 2School of Mechanical Engineering, University of Shanghai for Science and Technology, 
Shanghai 200093, PR China; 3Shanghai University of Medicine & Health Sciences, Shanghai 200120, PR China

Received May 24, 2022; Accepted August 14, 2022; Epub October 15, 2022; Published October 30, 2022

Abstract: Objective: Current balance training systems are designed exclusively for one particular type of training 
and assessment. Additionally, they comprise monotonous training programs. Therefore, patients in different stages 
of rehabilitation must use different balance training models from different manufacturers, resulting in high treat-
ment cost. Furthermore, large spaces are required to accommodate the balance training machines, and doctors 
and physiotherapists have to learn to operate multiple machines. We aimed to design a multimodal balance train-
ing and assessment system that can accommodate the assessment and training of static, dynamic, reactive and 
proactive balance to satisfy individual needs. Methods: The difficulty associated with combining static, dynamic, 
reactive and proactive balance training in a single system was to use radial and circumferential driving mechanisms 
together with a clutch mechanism, whereby circumferential and radial drivers were installed in the base of the 
system to drive a compound foot plate system with interchangeable springs, in order to adjust stiffness using the 
clutch. Based on the kinematic equation, the influence of system parameters on the change of the body’s center 
of gravity were evaluated. The parameters included the radial offset of the driving mechanism (r), circumferential 
angle of rotation (θ), height of the base of the balance training system (h), horizontal distance between the body’s 
standing center of gravity and the center of the foot plate (R), thickness of the padding mat (ΔH) and inclination 
angle (α). Results: The difficulties associated with combining static, dynamic, reactive and proactive balance train-
ing models in a single system were solved using radial and circumferential driving mechanisms together with a 
clutch mechanism. The foot plate can swing back and forth within ±20° around the X-axis, swing left and right 
within ±20° around the Y-axis, swing diagonally within ±20°, swing 360° around the Z-axis, and adjust the height 
along the Z-axis. Furthermore, the inclination angle α, circumferential angle of rotation θ, and speed (dα/dt and dθ/
dt) of the system can be controlled in real time. Conclusion: The developed balance training system is suitable for 
patients in different stages of rehabilitation. By providing multiple functionalities, this system can ensure high use 
rates, reduce costs and save space.
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Introduction

The sense of balance (equilibrioception) is vital 
for everyday life as it allows the human body to 
remain stabilized [1, 2]. Balance can be divided 
into static and dynamic balance, and the latter 
may be further divided into proactive and reac-
tive balance. Stroke survivors often exhibit bal-
ance-related sequelae [3, 4]. The equilibrio- 
ception significantly degrades in the elderly, 
particularly after the age of 70. This is the pri-
mary cause of falls among the elderly, which 
often trigger a cascade of severe medical 

issues [5-7]. Chen et al. [8] found that equili- 
brioception was positively correlated with inde-
pendence in activities of daily living (ADLs). 
They found a strong correlation of the balance 
performance before and after balance training 
with independence in ADLs. Balance perfor-
mance is usually assessed using observa- 
tional, scale-based and instrument-based 
methods. In particular, the instrument-based 
approach is an objective and precise method to 
assess and train balance. The human sense of 
balance can be improved through balance train-
ing [3, 9], and targeted rehabilitation exercises 
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can improve neurological muscle control and 
proprioception, activate the nervous system, 
and engage deep muscles to enhance balance 
and stability. To be specific, balance training 
programs involve progressive levels of difficul-
ty: from static to dynamic balancing, eyes open 
to closed, large to small supporting surfaces, 
and proactive to reactive balancing. Reactive 
balance training can improve a person’s sense 
of balance [7], and a patient must ultimately be 
able to cope with continuous disturbances to 
maintain gait stability. Since our surrounding 
environments have various types of slopes, 
patients must also be trained to maintain bal-
ance on both level and angled surfaces [10].

At present, most existing balance training sys-
tems can provide only one type of balance 
training (static, dynamic, reactive, or proactive) 
and tend to follow monotonous training pro-
grams. For example, typical proactive dynamic 
balance test assessment and training equip-
ment includes the Y-Balance dynamic balance 
instrument [11, 12], Wobble balance board  
[13] and the PosturoMed® device [14]. Typical 
reactive dynamic balancing equipment includes 
HUBER® 360 [15] and Imoove [16]. Static and 
dynamic hybrid equipment includes NeuroCom 
SMART EquiTest® [17, 18] and the Biodex Ba- 
lance System [19]. In addition, some equip-
ment for proactive dynamic balance assess-
ment and training has been recently develop- 
ed, such as BalRoom [20], Roto.BiT3D [21], 
Lafayette Instrument [22], and Dyjoc Board 
Plus SV-200 [23]. Chang et al. [24] developed 
an electric actuator-driven single-degree-of-
freedom (1DOF) oscillating plate. Fung et al. 
[25] developed a 6DOF motion platform. Base- 
lizadeh et al. [26] developed a 2DOF parallel 
mechanism-driven platform that could be rotat-
ed in forward-backward and left-right direc-
tions. An et al. [9] designed a full-body tilting 
device. In addition, a 1DOF device that could be 
tilted back and forth was used for the assess-
ment of the posture control adjustment ability 
of the human body under perturbations [27].  
A rolling balance board with an adjustable radi-
us and height was introduced for the assess-
ment of balance stability in the sagittal plane  
of the human body [28]. A balance measure-
ment assessment of the human body using two 
Kinect2 devices through self-programmed soft-
ware and algorithms was presented [29]. Be- 
sides, virtual reality, as a new technology for 

balance training, has rendered the training 
more effective [3, 30].

When using any of the equipment mentioned 
above, each patient requires a different bal-
ance training instrument at various stages of 
their rehabilitation, leading to high cost. Fur- 
thermore, these existing training systems oc- 
cupy a large area, and doctors and physiothera-
pists must familiarize themselves with many 
different balance training systems.

In this study, we aimed to develop a balance 
training system that can be used for static, 
dynamic, reactive and proactive balance train-
ing in order to solve the aforementioned prob-
lems with existing balance training systems 
and to progressively improve gait control and 
lower limb motor function in patients with bal-
ance disorders. As the proposed balance train-
ing system can be set to specific speeds and 
angles according to the needs of each patient, 
it can satisfy safety and effectiveness require-
ments. Additionally, difficulties that would arise 
from combining different types of structures, 
hardware and software are avoided. To summa-
rize, we have designed an intelligent and enter-
taining balance training system that has ad- 
justable motion amplitudes/frequencies and 
difficulty settings for patients with balance 
disorders.

Materials and methods

First, the design requirements and initial de- 
sign of our balance training system were for- 
mulated by analyzing the deficiencies in exist-
ing balance training systems. Subsequently, a 
complete design was formulated, followed by 
structural refinement and model design. This 
was finally followed by virtual model assembly 
to construct a virtual prototype. The virtual pro-
totype was used to evaluate the safety and 
functionality of the designed product. After the 
design was finalized, any design flaws were 
resolved. This process resulted in a balance 
training system that is capable of facilitating 
static or dynamic balance training, with adjust-
able angles of inclination and swaying speeds. 
The design has a modular structure consist- 
ing of several functional elements, including a 
frame, drive mechanism, transmission mecha-
nism, supporting structure, foot plate, sensors 
and an electronic control system, as shown in 
Figure 1A. This modular design allows for future 



Multimodal balance training system

6891 Am J Transl Res 2022;14(10):6889-6898

Figure 1. Balance training system. A: Modular design scheme, including a frame module, a support mechanism 
fixed on the frame and a drive mechanism, a foot plate mechanism mounted on the support mechanism using a 
universal joint, and a foot plate mechanism and a drive mechanism connected by a force transmission mechanism. 
B: 3D illustration of the design, including the frame, drive mechanism, support mechanism, foot plate mechanism 
and force transmission mechanism.

modification of the system by adding or remov-
ing modules as well as replacing them with 
improved versions. A three-dimensional (3D) 
illustration of the designed multimodal balance 
training and evaluation system is shown in 
Figure 1B. In this system:

• The frame consists of the display, emergency 
switch, arm rests, and foot plate.

• The mechanism is composed of radial and 
circumferential drivers. The radial and circum-
ferential driving mechanisms comprise a screw 
nut on a linear rail and a motor that drives a 
gear, respectively.

• The transmission mechanism consists of a  
pair of telescopic cylinders that are connected 
to the driving mechanism underneath the 
system.

• The foot plate mechanism is connected to 
the supporting structure through a universal 
joint and consists of a foot plate with adjust-

able height and damping springs. The foot plate 
is linked by a clutch to the driving mechanism 
below, which either drives the foot plate into 
different static positions, causing it to sway  
left and right, or rotate in a circumferential 
direction. These movements could be used for 
static proactive, dynamic proactive and dynam-
ic reactive exercises according to the corre-
sponding direction and movement type (for-
ward, backward, left, right, diagonal shaking 
and circumferential shaking).

The system’s sensors include a force sensor 
and gyroscope on the foot plate, which allow 
the trajectory of the patient’s center of gravity 
to be monitored, recorded, and displayed on 
the screen. Moreover, the data can be post-
processed to show the trajectory of the center 
of gravity on the frontal, sagittal or transverse 
planes. In addition, data such as the center of 
gravity’s height, speed, swaying frequency, dis-
placement, total trajectory length and trajecto-
ry period can also be obtained. The gyroscope 
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Figure 2. Photograph of the prototype. A: External view for the prototype with a width of 72 cm, depth of 132 
cm, height of 202 cm, and weight of 162 kg. B: Internal view of the structure of the pedal box with the top cover 
removed. C: An interactive game scenario with the left-right balance control, in which the test subject drives the 
movement of the white dot with the red cross in the diagram by controlling the force distribution of the left and right 
feet; the assessment result is reflected by the score, which is determined by the distance of the white dot from the 
center curve of the blue curved road.

records the inclination of the foot plate, which 
can be used to evaluate the stability of a pa- 
tient at different gradients. A second gyros- 
cope can be installed on the patient’s waist to 
measure the speed and acceleration of the 
patient’s center of gravity [31].

In the electronic control system, a gamified 
software interface is used for balance assess-
ment and training, with a wide variety of func-
tions, including reducing boredom during bal-
ance evaluation and training, and enhancing 
interactivity and enjoyment.

Results

A photograph of the constructed prototype is 
shown in Figure 2. The prototype has a width of 
72 cm, depth of 132 cm, a height of 202 cm 
and a weight of 162 kg. The functions of this 
training system include (1) evaluation and stat-
ic balance training on a horizontal or an inclined 
surface by setting the training system to the 
static mode, (2) dynamic balance training by 
closing the clutch and having the driving motor 

Figure 3. Kinematic diagram of the prototype, includ-
ing four movable levers: a gear, the nut slider in a 
screw nut, a telescopic rod in a force transmission 
mechanism, and a foot plate mechanism.
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Figure 4. Effect of radial offsets (r) on the center of gravity of the human 
body.

to move the foot plate in right-left, forward-
backward, or diagonal directions, (3) static pro-
active balance training by closing the clutch 
and using damping springs of an appropriate 
stiffness according to the patient’s weight (the 
springs can be quickly changed by unscrewing 
the bolts on the foot plate), and (4) reactive  
balance training by closing the clutch and sub-
sequently activating the driver to disturb the 
patient’s center of gravity and unbalance the 
patient.

The inclination of the foot plate can be adjust- 
ed from 0° to 20°, and the magnitude of the 
changes in inclination can be adjusted in any 
direction during balance training. This allows 
rotations around the X- and Y-axis as well as 
vertical adjustments along the Z-axis. A kine-
matic diagram of the system is shown in Figure 
3, where O is the origin of the coordinate sys-
tem. The kinematic equations that govern the 
system are as follows:

x = [(H + ΔH)sinα ± Rcosα]cosθ,                     (1)

y = [(H + ΔH)sinα ± Rcosα]sinθ,                      (2)

z = (H + ΔH)cosα ± Rsinα,                               (3)

α = arctan(r/h),                                                 (4)

Where x, y, and z are the coordinates of the 
body’s center of gravity, H is the height of the 

center of gravity, ΔH is the 
thickness of the padding mat, 
r is the radial offset of the driv-
ing mechanism, h is the total 
height of the balance training 
system’s base, α is the angle 
of inclination, θ is the circum-
ferential angle of rotation 
(θ∈[0, 360°]), and R is the 
horizontal distance between 
the body’s standing center of 
gravity and the center of the 
foot plate.

During balance training, the 
center of gravity is governed 
by r, θ, h, R, and ΔH. Figures 
4-8 show how the center of 
gravity is affected by these 
parameters, where H is as- 
sumed to be 1000 mm based 
on the dimensions of the pro-

totype and its governing kinematic equations. 
As r and θ are controlled by the electric motor, 
these parameters can be used to drive a pas-
sive motion and provide perturbations during 
static and dynamic balancing, respectively. The 
foot plate can swing back and forth within ±20° 
around the X-axis, swing left and right within 
±20° around the Y-axis, swing diagonally within 
±20°, swing 360° around the Z-axis, and its 
height can be adjusted along the Z-axis. Fur- 
thermore, the inclination angle α, circumferen-
tial angle of rotation θ, and the speed (dα/dt 
and dθ/dt) of the system can be controlled in 
real time.

The center of gravity can also be moved in a 
circular oscillating trajectory by combining the 
radial and circumferential motions, as shown in 
Figure 9.

Discussion

This work presented a balance training system. 
First, its range in which α varies in the left, 
right, backward and forward directions can be 
configured in real time by adjusting the speed 
of the radial driving mechanism. Second, the 
stiffness of the damping springs can be ad- 
justed to facilitate various proactive motions 
during balance training through the use of asy- 
mmetrical angles of inclination. Last, the ve- 
locity of the foot plate (dα/dt and dθ/dt) can be 
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Figure 5. Effects of θ on the center of gravity of the human body. A: θ = 0° and left-right swaying by changing r, θ = 
45° and diagonal swaying by changing r, θ = 90° and forward-backward swaying by changing r. B: θ = 0-60°, θ = 
90-330°.

Figure 6. Effects of h on the height of the center of gravity (α = 10°).

varied by controlling the circumferential driving 
mechanism. The proposed balance training 
system can be used for static, dynamic, reac-
tive and proactive balance training and evalua- 
tion.

When the circumferential drive mechanism of 
the system is controlled to stay at a certain 
position in the circumferential direction, the 
radial drive mechanism is driven to move recip-
rocally, i.e., the drive r varies within a certain 
range, and the human body can thus be sway- 
ed left and right, forward and backward, as well 
as diagonally. See Figure 5A.

When the radial drive mecha-
nism of the system is con-
trolled to stay at a certain posi-
tion, the circumferential drive 
mechanism is driven to move 
reciprocally, i.e., θ is varied 
within a certain range, and the 
swaying motion of the human 
body can be realized, as sh- 
own in Figure 5B. The center 
of gravity of the human body 
during the training process 
can be controlled by changing 
the height of the device, h, 
changing the standing posi- 
tion of the human body, R, and 
adjusting the mat to different 
heights, ΔH. Thus, a variety of 
passive movement modes of 
the human body can be rea- 
dily achieved. In addition, the 

swinging motion scope of the equipment and 
the speed of human body movement can be 
adjusted by controlling the motion scope and 
motion speed of the servo motor through the 
control system software. Active and passive 
training of the system can be performed by 
locking and releasing the pedals through the 
clutch mechanism. In this way, static, passive 
dynamic and active dynamic training of the 
human body can be realized. Specifically, when 
the clutch mechanism locks the pedals and the 
drive mechanism stops moving, static training 
of the human body can be carried out, and the 
plane of the pedals can be horizontal or con-
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Figure 7. Effects of R on the height of the center of gravity. A: α = 10° with upward offsets R = 0, 50, and 100 mm. 
B: α = 10° with downward offsets R = 0, 50, and 100 mm. C: Left offsets R = 0, 100, and 200 mm. D: Right offsets 
R = 0, 100, and 200 mm.

Figure 8. Effects of ΔH on the height of the center of gravity. A: Circumferential rotation with α = 10°. B: Swaying in 
the left-right direction.

trolled to become an inclined surface. In con-
trast, when the clutch mechanism locks the 
pedal and the drive mechanism drives the 
movement, passive dynamic training of the 
human body can be carried out, rendering an 

integrated active-passive and static-dynamic 
system. Therefore, the advantages of a high uti-
lization rate and cost-effectiveness can be real-
ized, and there is no need to purchase multiple 
equipments with different functions.
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Figure 9. Effects of the circumferential and reciprocating radial motions on 
the center of gravity (α = 10°).

The proposed balance assessment training 
system not only enables static and dynamic 
balance assessment [16, 22] but also allows 
the static balance assessment to be conduct- 
ed with the foot pedal in a nonhorizontal plane. 
Moreover, its dynamic balance assessment 
can be easily modified to suit patients with dif-
ferent body weights and needs by replacing the 
damping springs with different stiffnesses. The- 
refore, the designed system is more functional 
and powerful than existing systems. Compar- 
ed to assessment training devices without an 
external drive [11, 12, 16, 19, 29], the pro-
posed system is capable of passive and pertur-
bation training of the human body. In addition, 
controlling its driving motion is easier than that 
of existing parallel mechanisms [21, 22, 24]. 
For example, if the human body sways left and 
right, only the peripheral drive mechanism 
needs to be controlled in the proposed system 
until the radial drive mechanism is rotated to 
the left and right directions, allowing the radial 
drive mechanism to independently control the 
reciprocating motion of the radial drive mecha-
nism and achieve the swaying of the foot pedal 
in the left and right directions. In addition, the 
functional relationship between the inclination 
angle α and the position r of the screw nut is 
simple and clear, and the control principle is 
also not complicated. In contrast to previous 
reported systems [11, 12], the proposed sys-
tem includes a gamified training software, 
which offers a better fun factor. Thus, it is es- 

pecially suitable for patients 
undergoing long-term training 
assessments and is more like-
ly to stimulate the interest of 
the test subjects, particularly 
in the elderly and children. Un- 
like the rubber foam pad or the 
device presented by Silva et al. 
[13], the proposed design has 
adjustable or replaceable incli-
nation and elastic resistance 
so that it can better adapt to 
the needs of individuals at dif-
ferent training stages. Further- 
more, the proposed design 
can be simplified and made 
into an active or passive train-
ing device to better suit the 
needs of family-oriented train-
ing. The proposed system is  
an integrated multi-use devi- 

ce, which can save space and reduce the cost 
needed to purchase multiple equipment for 
hospitals. It can save time for therapists in 
learning how to operate different devices, and 
lower the probability of misuse owing to dif- 
ferent operating habits on different types of 
equipment. Because of COVID-19, the effec-
tiveness of the developed system was evaluat-
ed only using a simulation analysis. In future 
studies, human trials will be conducted to fur-
ther verify the performance of the proposed 
system.

Conclusion

This study introduced an easy-to-operate bal-
ance training system that can be used for six 
types of training: static balance training on 
level and angled surfaces, proactive balance 
training, passive balance training, proactive 
balance training with perturbations, hybrid pro-
active training and reactive balance training. 
Therefore, the proposed system can be used  
by patients with balance disorders in different 
stages of rehabilitation. However, it should be 
noted that a driver for up-down motions has yet 
to be installed in the prototype, which makes it 
impossible to perform changes in height. This 
shall be incorporated in subsequent design.
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