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Abstract: The design and control of baby chairs have attracted great interest due to children’s
increasing consumption market. As a human-robot interface, the features of baby chairs, such as their
flexibility, comfortableness, safety, etc., are important factors that should be considered. Therefore, in
this paper, to provide competent assistance to parents in taking care of their children, we propose a
novel design and control scheme for improving children’s living goods and easing parents’ burden.
Firstly, a novel modularization design method is introduced to redesign the shape and structure
of the baby chair to cater to multifunctional demands. Flexible materials are chosen to adapt to
different body shapes for the sake of safety and comfortableness. Moreover, a Cartesian impedance
controller enhanced by a radial basis function neural network (RBFNN) is proposed to achieve a
safe, smooth and accurate control of the baby chair with children sitting on it in various uncertain
situations using integrated actuators. Both target posture control and periodic control of the chair
are implemented to meet different practical requirements. The feasibility of both the chair design
and its control is verified in the MATLAB simulation environment through reference tracking tasks.
The experimental results demonstrate that our controller can achieve satisfactory performance by
controlling the position error in a reasonable range and keeping the manipulation stable and smooth.
With the increasing demand for baby chairs in the global children’s consumption market, we believe
that the methodology proposed in this paper will attract more research and industry interest.

Keywords: modularization design; cartesian impedance control; radial basis function neural network

1. Introduction

With the continuous improvement of people’s living standards all over the world, the
children’s consumption market is developing in a rising trend. Furthermore, the types of
products in the children’s consumption market are increasing, and children’s consumption
level is rising. For the only child in the family, parents want them to live more comfortably,
investing a lot in children’s living goods [1]. Therefore, children’s products are needed
by more and more families. However, the development of children’s furniture in the
world is still in its infancy. Since 1 August 2013, the world has only begun to implement
the first children’s furniture standard to provide protection for the safety of children’s
furniture—technical conditions for children’s furniture design [2]. Due to the late start,
there is a weak understanding of the essence of children’s furniture [3]. With the wave
of intelligence sweeping the world, intelligent furniture, as an important field of Internet
of Things technology, has attracted more and more attention from people all over the
world [4]. The intellectualization of furniture will become a new development trend of
furniture. Therefore, this design will redesign the structure and function of children’s dining
chairs so that children’s dining chairs can better meet the needs of children and parents. At
the same time, this children’s dining chair is combined with artificial intelligence to enrich
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the intelligent and emotional design of products and meet the psychological and emotional
needs of children and parents, which can increase the use-value of the product [5,6]. This
design aims to improve the shape and structure design of children’s dining chairs so that
they can be used not only in dining but also in other scenes and for other purposes. At
the same time, intelligent technology is used on the dining chair. Thus, people all over the
world can enjoy the convenience brought by modern technology, which enriches the sense
of experience and meets more psychological needs. Thereby it can realize the recognition
of product values through emotional recognition.

At present, the structures of children’s dining chairs in the world are mainly divided
into the folding type and assembly type [7]. In terms of functional design, a modular
combined connector scheme is mostly adopted so that the product has the functions of
adjusting size, convenient storage and adjusting children’s sitting posture [8]. However,
children’s body shapes are different. Due to the lack of a measurement function that
reflects a size suitable for children’s body shape, children’s dining chairs cannot manually
adjust to the appropriate shapes. According to the material classification, it is divided
into solid wood and plastic. The shortcomings of children’s dining chairs made of solid
wood are that they are vulnerable to moisture in case of water and have a single color.
Conversely, children’s dining chairs made of plastic are not susceptible to moisture and
have rich colors [9,10]. In terms of interesting design, most children’s dining chairs use
bright colors or bionic and cartoon modeling to meet children’s psychological needs on
children’s dining chairs [11,12]. However, if the product is used for a long time, it is easy
to form visual and aesthetic fatigue, thus disinteresting children in their dining chairs.
In short, there are still many problems with the children’s dining chairs on the market.
The functionality and practicability of children’s dining chairs are still insufficient, so they
cannot provide more functions that meet the needs of users and consumers. In terms
of safety, the usability of the structure is defective with uneven quality. Moreover, some
products use non-environmentally friendly materials, and it is inconvenient to wash and
renew some parts of the dining chair. In terms of functionality, there is a poor functional
expansion and poor integration of functional modules. In terms of growth, the use cycle is
short, and the use form has poor expansibility. Furthermore, the ergonomic matching is
bad [13]. In terms of interest, it lacks interest and does not meet children’s physiological
and psychological needs. Additionally, the interaction of the product is insufficient.

Apart from the structure design of the baby chair, the integration of intelligent robotic
control is also of vital importance for product development and commercialization. Cer-
tainly, the posture adjustment of the backrest and the footrest of the baby chair can be
achieved manually through buttons. However, this is neither an efficient nor secure way
in the presence of children in that manual adjustment requires the parent to take care of
both the chair and the child at the same time, making the operation inconvenient and,
more importantly, posing the danger of hurting the child. In contrast, robotic control
can intelligently achieve an accurate and smooth performance of the baby chair posture
adjustment with the desired target backrest and footrest posture. This is very useful for the
breastfeeding scenario since an appropriate semi-recumbent position can make the child
comfortable and prevent choking. Besides, with motor control, the functionality of the baby
chair can be greatly augmented. For example, in the recliner mode, the periodic motion
of the backrest and footrest can simulate rocking a cradle, which liberates the parent from
holding the baby for a long time. Therefore, in this work, we aim to design an intelligent
autonomous robotic control of baby chair posture.

The child sits on the chair and has contact with it, influencing the dynamics of the
system. This can be characterized as physical human-robot interaction (pHRI). Safety is
arguably the most important consideration in pHRI, especially in an environment where
the interaction is complex and unpredictable. Impedance control, thanks to its ability
to deal with both motion and force at the same time, is an effective solution to provide
compliant behavior to the environment. In the literature, this method has been applied
in various human-robot collaboration tasks [14–17]. For example, in a handover task,
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Medina et al. [14] designed a human-inspired and low-level impedance control scheme
to achieve robust and fluid handover behavior. Dong et al. [15] implemented a vari-
able viscosity control to provide assistance to surgeons in minimally invasive surgery.
Gruijthuijsen et al. [16] leveraged elastic fields (stiffness) to implement a virtual wall for
motion guidance. Huo et al. [17] proposed an intention-driven controller for lower-limb
exoskeleton control where the damping coefficient could be online adjusted by adapting to
the human intention.

Standard impedance control requires incorporating the environment interaction in
the control implementation to achieve compliant behavior. However, limited by various
factors such as mechanical design, cost, etc., precisely detecting the external forces is
impractical in many cases. Recently, neural learning-based control methods have attracted
researchers’ attention [18–29]. Li et al. [18] presented a fuzzy approximation-based adaptive
backstepping control for an exoskeleton of human upper limbs. According to the authors,
this control strategy is able to track any continuous desired trajectory in the presence of
parametric/functional uncertainties, unmodeled dynamics, actuator dynamics, and/or
disturbances from environments. Zhang et al. [19] proposed a disturbance observer-based
adaptive neural network control to approximate the model uncertainties and to compensate
for the nonlinear variable stiffness actuator dynamics as well as external disturbances.

In this paper, based on a literature survey [30,31] and market research where we collect
consumers’ opinions through questionnaires and interviews, we hope to open up new
growth space for baby chair designs and meet the diverse needs of children and parents. For
this aim, we redesign the shape and structure of the baby chair to improve its attractiveness
and functionality so that it can be used in various scenes for different purposes. Firstly, we
improve the structure design of children’s dining chairs so that they can be used not only
in dining but also in other scenes for other purposes. Concretely, the designed baby chair
has more usage modes than the dining chair, including a baby chair mode, reclining chair
mode, and storage mode. Secondly, we combine more functions to make the baby chair
multifunctional. The designed baby chair is combined with artificial intelligence to enrich
the design of products and to meet the psychological and emotional needs of children and
parents, enriching the sense of experience. This multifunctionality makes our baby chair
more novel and user-friendly than other best-selling products. Moreover, we augment
the intelligent functionality of the baby chair by implementing a robotic control of the
designed product for a better user experience. Although manual posture adjustment of the
chair could be performed through buttons, accuracy, safety and stability cannot be ensured,
especially in the presence of children, due to different body sizes and weights, and due
to the uncontrollable and unpredictable movement of children. For this reason, we adopt
a neural approximation-enhanced Cartesian impedance controller to guarantee control
safety and to adapt to various unpredictable and uncertain situations. Finally, we verify its
feasibility in terms of control smoothness and control accuracy through a simulation of a
periodic trajectory tracking task. The contributions of this paper are listed as follows:

(1) We adopt a novel modularization design method to redesign the shape and structure
of a baby chair to improve its functionality so that it can be used in various scenes for
different purposes to meet the diverse needs of children and parents.

(2) Under the concept of human-robot interaction, we leverage a Cartesian impedance
control scheme to achieve compliant behavior. This scheme ensures the ability to
control baby chair posture safely by taking into consideration of the unknown external
interaction, especially in the presence of children with different body shapes and
weights.

(3) We use an RBFNN approximation to compensate for children’s uncontrollable move-
ments, unpredictable external disturbances (e.g., from parents) and system uncer-
tainties in different situations to increase the Cartesian impedance control stability,
smoothness, and accuracy.

The remainder of this paper is organized as follows. Section 2 describes the novel
modularization design of the baby chair in detail and provides relevant research and analy-
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sis. Section 3 discusses the kinematic and dynamic modeling of the designed baby chair
and then introduces the neural approximation-enhanced Cartesian impedance controller.
Section 4 verifies the designed controller in a simulation, and the experimental results are
shown. Section 5 concludes the paper and presents future work.

2. Novel Design of the Multifunctional Baby Chair

This chapter focuses on the development and existing challenges of multifunctional
baby chairs. The main idea is to analyze the characteristics of the target users and the prob-
lems of using multifunctional baby chairs in daily life. At present, there are many problems
in the design of multifunctional children’s dining chairs, such as uneven quality, single
function, poor ergonomic matching, and insufficient fun [32]. By taking into account safety,
functionality, growth, and enjoyment, an optimized functional design of a multifunctional
baby chair is shown in Figure 1A,B.
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2.1. Functional Design

The main functions of the multifunctional baby chair are to interact, accompany and
guard children. As an intelligent multifunctional children’s dining chair, it is equipped
with an artificial intelligence system (Figure 2A), which has the functions of interaction,
companionship and guardianship, ensuring the safety and entertainment of children. (Note
that at present, we integrate the artificial intelligence system without focusing on the
detailed functionality implementation, which will be our future work.) There are three
heights of support legs (Figure 2B), which can meet the needs of different periods as the
baby grows and ensure the comfort of use. The backrest can be rotated and adjusted
(Figure 2C) to reach comfortable sitting, crouching and lying modes at will. There is a
flexible rotation of the footrest (Figure 2D), with the baby’s different sitting positions and
flexible change, so that the feet have strong support at any time. In addition, its flexible
foldability can not only meet different needs and environments but also be quickly stored
and transported. Therefore, it is a caring, intelligent product that can meet the needs of
both babies and parents.
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2.2. Relevant Research and Analysis
2.2.1. Analysis of Best-Selling Brands

Due to the rapid changes in the children’s consumer market, there are many new
brands rising and old brands declining every year [33–35]. At present, the most influen-
tial domestic brand is “GoodBaby” (Goodbaby International Holdings Limited, Jiangsu,
China) [33]. The “GoodBaby” children’s dining chair has six thoughtful designs: the whole
chair is folded for easy storage and carrying, the height adjustment is suitable for different
heights and shapes, the structure is stable to protect the baby, the double-layer plate is
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easy to clean, the backrest can be adjusted to cultivate the baby’s dining posture, and the
footrest can be adjusted to give the baby a comfortable angle. The second is the Norwegian
brand STOKKE [34]. This baby chair can be used from the birth of a baby. It can be used
as a high chair, making it easy to communicate closely with the baby. Moreover, it has a
curved ergonomic design, which is simple and easy to adjust. It is multifunctional and can
be customized to your own style, but the price is higher. The top ten brands of children’s
dining chairs in the market are: GoodBaby (Goodbaby International Holdings Limited,
Jiangsu, China), STOKKE (Stokke AS, Ålesund, Norway), Happy Dino (GoodBaby, Suzhou,
China), Fisher-Price (American fisher toy company, New York, NY, USA), IKEA (IKEA,
Småland, Sweden), Babyfirst (MAX-INF, Ningbo, China), PegPerego (PegPerego, Italy),
SAORS (SAORS, Leshan, China), KUB (Kins Locks Co., Ltd., Zhejiang, China), and AING
(Beijing Aiyin Qihang Children’s Products Co., Ltd., Beijing, China) [35].

2.2.2. Analysis of Purchasers

The consumption of children’s dining chairs mainly depends on the expenditure of
fathers, mothers, grandfathers, grandmothers, and other elders, whose primary concern
is to make their children live more comfortably. Therefore, these consumers often make a
lot of comparative analyses before purchasing [36]. By consulting the use situation online
or from colleagues, friends, and other buyers, they analyze the commodity’s information.
Hence, their purchase target is clear, and the function and cost-effectiveness of the product
are fully understood.

Consumers’ consumption behavior can be predicted and clearly known [37,38]. They
have standard and clear requirements for children’s dining chairs. The diverse needs
of children and parents can be identified through literature surveys, market research,
consumers’ opinion collection from questionnaires and interviews, etc. Safety and material
are the key elements to be considered [2]. Sufficient care and judgement are also given to the
functionality [7], appearance [9], ergonomic matching [13] and price of the products [5,6]. In
rational consumption, there will also be the requirements of function scalability, conformity
and brand value.

2.2.3. Analysis of Users

Here, we assess the physiological and psychological characteristics of children. Chil-
dren’s ability to appreciate things is in a growing stage, and their behavior is often greatly
influenced by external factors. Besides, they have strong imitation and conformity to
people and things in life. Meanwhile, they have a strong curiosity and are willing to accept
new things that can easily arouse the positive emotions of children’s exploration, with the
starting point often for novelty and fun [39]. Due to children’s cute and innocent nature,
they tend to be more intuitive in dealing with everything and pay more attention to the
color, appearance, and shape of the product and the packaging pattern.

Ergonomic features: During childhood, the body grows and develops, and the di-
mensions of various parts of the body are constantly changing or somewhat uneven. With
reference to the relevant data, the data of each part of the body of children aged 0–3 are
sorted out (see Table 1). It is found that the physical development of boys and girls is differ-
ent during childhood, so the weight and size of different bodies vary greatly. Therefore,
differences between each child are inevitable.
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Table 1. Data of some body parts (head circumference, height and weight) of children aged 0–3.

Boys Girls

Month Head
Circumference Height Weight Head

Circumference Height Weight

1~6 34.3~44.1 cm 49.9~67.6 cm 3.3~7.9 kg 33.9~43 cm 49.1~65.7 cm 3.2~7.3 kg

7~12 44.1~46.5 cm 69.2~75.7 cm 8.3~9.6 kg 43~45.4 cm 67.3~74 cm 7.6~8.9 kg

13~18 46.5~47.6 cm 76.9~82.3 cm 9.9~10.9 kg 45.4~46.5 cm 75.2~80.7 cm 9.2~10.2 kg

19~24 47.6~48.4 cm 83.2~87.8 cm 11.1~12.2 kg 46.5~47.4 cm 81.7~86.4 cm 10.4~11.5 kg

25~30 48.4~49 cm 88~91.9 cm 12.4~13.3 kg 47.4~48 cm 86.6~90.7 cm 11.7~12.7 kg

31~36 49~49.4 cm 92.7~96.1 cm 13.5~14.3 kg 48~48.4 cm 91.4~95.1 cm 12.9~13.9 kg

2.2.4. Analysis of Consumer Market

Here, we assess the status of the children’s consumption market. According to the
data from the National Bureau of Statistics, China’s total population has grown to nearly
1.4 billion, with an average annual growth rate of 1.4%, while our country’s 0–14-year-old
children account for 16.9% of the population. In addition, the children’s consumption
market accounts for a large proportion of the whole consumer market and shows a rising
trend (see Figure 3). With the continuous development of education and living standards,
the types of products in the children’s consumer market are constantly rising, and the
consumption level is also rising. For the only child in the family, parents hope that their life
will be more comfortable and invest a lot.
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teristics and other factors, there is little difference in selection and comparison at the time
of purchase.
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Focus on the substance of products: For the children’s consumer market, children’s
products must meet the psychological characteristics of children’s curiosity, novelty, beauty,
and activeness. The appearance of the product should be novel and personalized with
various functions and exquisite packaging [43].

Remarkable brand effect: The quality and influence of a product brand have a great
impact on the buyers of children’s products. The safety, practicability, and the number of
user groups are the values of children’s brands.

Children’s right to choose when purchasing: According to social data, children already
have certain rights when purchasing any product, and their influence on buyers has
increased [44,45].

2.3. Structural Details of Modeling, Structure and Materials

With the diverse needs and individual differences of children, the structural design
of the children’s dining chair is the focal point. It should meet the following design
requirements:

(1). Safety

According to the European Union (EU) directives on baby furniture [38,46,47], in the
design, smooth edges, delicate surfaces that are not rough, and chairs that are stable and
not easy to shake should exist. Therefore, modular components should be used as much as
possible to ensure that each component is tightly connected. Whether it is washed with
cold or hot water, it can withstand the drag without collapsing, falling off, or deforming.

(2). Comfortableness

The human body structure should be fully considered in the design process with the
following ergonomic principles [30,31,48]. Children have many different characteristics
than adults, and the baby chair should be able to change the structure to meet different
needs. Taking full account of the child’s psychological and physical needs, more concise
and soft lines are used.

(3). Convenience

In the structural design, the modular design and the standardized design of parts are
adopted to make the transportation, installation, and storage simple and fast. It is also
conducive to recycling, disassembly, and combination. The structural style and components
are also easy to identify and observe, which makes maintenance and use more convenient
and increases the safety of use. Furthermore, it is easy to match and adjust and more
economical.

(4). Materials

According to Ali’s data analysis, the most popular materials in the children’s dining
chair market are plastic, wood, inflatable, and other materials. It can be seen that when
selecting materials, they all choose materials that are lighter and softer, and at the same
time, they take into account both beauty and comfort.

When choosing materials, the materials that are good for children should be put in
the first place [49]. Therefore, the strength of the selected material must be high, and the
durability must be good. Then, the weight should be light to carry and store conveniently.
Considering the hygiene of children’s dining chairs, which need to be cleaned frequently,
plastic materials with light weight, good stability, strong load-bearing, and corrosion
resistance should be used [50]. In addition, children’s dining chairs generally use PP plastic
to make support feet. PP plastic is a lightweight, general-purpose plastic with high-strength
mechanical properties, high wear resistance, chemical resistance, electrical insulation, heat
resistance, and other high-quality properties, which can replace wood and metal [51]. Other
connectors and parts are made of space aluminum, which is environmentally friendly and
safe with high strength and anti-corrosion performance. Moreover, because of its light
weight and durability, it has better overall performance than ordinary hardware.
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2.4. Four Usage Modes

After investigation and research, we found that the existing chairs have several issues
that need to be settled, such as uneven quality, performing a single function, having
poor ergonomic matching, and providing insufficient fun. Given the above issues, we
adopted the modularization design method to combine the functions of a baby chair. In
the structural design of the children’s dining chair, a modular form is adopted. Standard
detachable connectors are used to facilitate product storage, transportation, placement, and
recycling. The specifications of children’s dining chairs are formulated in a reasonable size
regarding the physiological characteristics of children. They fully follow the requirements
of various principles of ergonomics to avoid damage to children caused by furniture.

In order to design an ergonomic product, the dimensions of baby chairs need to be
designed following a strict range [52,53]. The size of the chair can easily have an impact on
the user’s experience, so the design of the dining chair should comply with the regulations
of the size range of the chair. The standard size range is shown in Figure 4. Finally, one of
the most feasible solutions was selected from dozens of preliminary sketch plans. Because
this solution is simple in shape-designing, minimalist in structure and more functional, it
meets the different needs of users. Compared with other sketches, the dining chair with
this shape has a stronger landing ability, so this scheme was finally chosen for optimization.
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In the 3D modeling and design phase, Creo Parametric was used to construct the
preliminary draft model. After determining the scheme, Creo was used to refine the rest
of the modeling and structural models. After completing the model establishment and
assembly of each part, the overall modeling of the baby chair was accomplished. The effect
is shown in Figure 5.
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The children’s dining chair is an intelligent, multifunctional children’s dining chair,
which has other usage modes besides the dining chair, including the baby chair mode,
reclining chair mode, and storage mode.

1. Dining chair mode (see Figure 6)

The main mode of use is also the baby’s meal mode, helping the baby eat better. At the
same time, it can also be used in play mode when the upper plate is removed. Additionally,
the toys can be placed on the lower plate.
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2. Baby chair mode (see Figure 7)

It can allow better interaction and play between baby and mother.

Step 1: Find the plate buckle button under the plate and press it gently.
Step 2: Pull the plate out and slowly remove it and set it aside. It can be turned into baby

chair mode.
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3. Recliner Mode (see Figure 8)

It can cultivate eating habits and facilitate adding baby food supplements. The child
can rest comfortably in a semi-recumbent position, which is convenient for breastfeeding
and prevents choking.

Step 1: Press and hold the rotary button on the bottom of the backrest.
Step 2: Find a suitable gear, and then gently release the button. Then it is changed into a

reclining chair after the adjustment of the backrest.
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4. Storage mode (see Figure 9)

It can be easily folded, and the chair can be quickly put away, saving more space for
better storage and transportation.

Step 1: Press the rotation button at the support to slowly retract the support.
Step 2: Press the top of the backrest and rotate the button left and right to fold the backrest,

completing the folding process.
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3. Neural Approximation-Enhanced Cartesian Impedance Control

Compared with manual adjustment of the position of the backrest and the footrest
of the baby chair, a robotic implementation of this functionality provides more accuracy,
smoothness and flexibility. Therefore, for a better consumer experience, in this section,
we focused on the robotic control of the chair posture adjustment. We first modelled the
structure of the baby chair and subsequently implemented a Cartesian impedance control
with neural approximation to compensate for the environmental uncertainties.

3.1. Baby Chair Structure Modeling

The two joints of the baby chair that can be controlled are shown in Figure 10. Con-
sidering its mechanical design, we modelled the chair as a 2-degrees-of-freedom (dof)
structure with three links connected by two motorized joints, as illustrated in Figure 11.

3.1.1. Kinematic Modeling

The kinematics of this serial structure mapping from its joint space to the Cartesian
space is described by a nonlinear function:

x = f (θ) (1)

where x ∈ Rm is the Cartesian coordinates and θ ∈ Rn is the joint angle vector. The nonlin-
ear function f (·) can be obtained according to the Denavit–Hartenberg (D–H) convention
and the mechanical specification of the baby chair. For the sake of convenience of calcu-
lation, we attach frames to the bacedkrest joint, footrest joint, backrest link end-effector
and footrest link end-effector, which are denoted as {1}, {2}, {b} and {f}, respectively. Then,
the feedforward kinematics can be described by the transformation matrices 1

2T , 1
bT , 2

FT , as
shown in Figure 11. Differentiating both sides of Equation (1) with respect to time yields:

.
x = J(θ)ω (2)

where
.
x = dx/dt andω =

.
θ = dθ/dt are velocities expressed in the Cartesian frame and

generalized frame, respectively. J(θ) = ∂ f (θ)/∂θ is the Jacobian matrix. For simplification,
in our work, we assume that the end-effector of the structure is far away from the singularity.
Namely, the pseudoinverse of the Jacobian matrix exists.
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3.1.2. Dynamic Modeling

The dynamic model of this structure can be derived from the Lagrangian formulation:

M(θ)
..
θ+ C

(
θ,

.
θ
)
+ G(θ) = τ − τe (3)

where M(θ) ∈ Rn×n is the inertia matrix, which is symmetric, positive definite, and
bounded, C

(
θ,

.
θ
)
∈ Rn is a vector representing the centrifugal and Coriolis terms, and

G(θ) ∈ Rn is a vector of gravity terms. τ ∈ Rn is the control torque, and τe ∈ Rn is the
external torques exerted by environmental disturbances.

For Cartesian impedance control, it is desirable to express the dynamics of Equation (3)
with respect to Cartesian variables in general form:

Mx(θ)
..
x + Cx

(
θ,

.
θ
)
+ Gx(θ) = F− Fe (4)
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where Mx(θ) ∈ Rm×m, Cx

(
θ,

.
θ
)
∈ Rm and Gx(θ) ∈ Rm are the Cartesian inertia matrix,

the centrifugal and Coriolis vector and the gravity vector in Cartesian space, respectively,
with the following term relationship between the joint space and task space:

Mx(θ) = J−T(θ)M(θ)J−1(θ) (5)

Cx

(
θ,

.
θ
)
= J−T(θ)

[
C
(

θ,
.
θ
)
−M(θ)J−1(θ)

.
J(θ)

.
θ
]

Gx(θ) = J−T(θ)G(θ)

F, Fe ∈ Rm are, respectively, the control force and the external force in the task space,
with:

F = J−T(θ)τ (6)

Fe = J−T(θ)τe

Fe is assumed to be bounded by a constant β, namely:

∃β ∈ R, ||Fe|| ≤ β (7)

3.2. Cartesian Impedance Control for Baby Chair

When the applications require controlling motion (reaching a target point or following
a reference path) in free space, position control is a commonly used approach. However,
in situations where rigid interaction between the mechanical device and the environment
occurs, position control may lead to a large force, which is a potential danger, especially
when humans are involved. For these scenarios, a compliant controller is more suitable in
terms of operation safety, especially for physical human-robot interaction cases. Among
various compliant control methods, Cartesian impedance control is an efficient option. The
dynamics of the impedance control model in Cartesian space write:

Md
..
xe + Dd

.
xe + Kdxe = Fe (8)

where xe = xd − x is the motion error between the desired trajectory xd and the current
state x. Md, Dd and Kd are the desired inertia, damping and spring matrices, which are all
symmetric and positive definite. Fe is the external force applied to the mechanics. For the
baby chair situation, Fe is mostly the force applied by the child. When there is no external
interaction, namely, Fe = 0, the controlled motion exactly follows the desired trajectory,
namely, xe = 0. Meanwhile, when Fe 6= 0, the motion deviates from the desired trajectory
and shows a compliant behavior to the external force. Figure 12 is an illustration of the
impedance control, which virtually renders a mass, a damper and a spring in Cartesian
space.

Combining Equations (4) and (8), we can write the control torque as:

τ = M(θ)J−1(θ)Md
−1
(

Md
..
xd + Dd

.
xe + Kdxe −Md

.
J(θ)

.
θ
)

+
(
JT(θ)−M(θ)J−1(θ)Md

−1)Fe

+C
(

θ,
.
θ
)
+ G(θ)

(9)
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3.3. Adaptive Neural Approximation

To fully implement the above-mentioned impedance control, the eternal force Fe
should be obtained, either measured by sensors or estimated from motor currents. However,
integrating a force or torque sensor makes the mechanism bulky and significantly increases
the product cost. On the other hand, the force or torque estimation from currents is not
precise, resulting in system instability and other safety issues. Meanwhile, the real dynamic
is quite complex for the following reasons: (1) the children’s height, weight and body size
vary significantly from one to another; (2) the child sitting on the chair is not static, but
instead, he or she may make various motions such as stretching or pedaling; (3) parents
may put their hands on the backrest of the chair or even lean on the chair in some cases.
All these possibilities render the interaction force a complicated factor for robotic control.
Figure 13 illustrates the complex dynamics where the child sits on the chair and exerts
torques and forces on the controlled motors. Due to the child’s unpredictable movement,
both the amplitude and the direction of the force on the backrest fback and those on the
footrest f f oot are constantly changing. These two forces are further coupled since the child
serves as a linkage mechanism. Therefore, to tackle this practical problem, we regard all the
above-mentioned external forces as system disturbances and propose to use an adaptive
neural approximation to compensate for these disturbances so as to enhance the control
accuracy.
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RBFNN is an effective tool for the approximation of uncertainties. As a simple type
of feedforward neural network, RBFNN is composed of three layers: an input layer that
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spreads the input variables, a hidden layer that performs a nonlinear transform of the input,
and an output layer that is a linear combination of the hidden layer outputs. The hidden
layer contains N neurons, each of which computes the radial distance (typically Euclidean)
between the input and the center. The most commonly used radial basis function in the
literature is the Gaussian function. RBFNN achieves an optimal global solution by adjusting
the weights of the output layer using a minimum mean square error (MSE).

In our control design, RBFNN approximation is leveraged to compensate for the un-
known external uncertainties in the human-robot interaction dynamics. The compensation
for the uncertain disturbances acts as the output of RBFNN and is calculated as:

τdist = W·Φ(x, xd) + ε (10)

where X = [x, xd] is the input, and ε is the approximation error. W = [w1, . . . , wN ]
T is the

compact optimal weight matrix for network prediction, and N is the number of nodes used
in the hidden layer. Φ = [φ1, . . . , φN ] is the nonlinear activation function, and we use the
Gaussian function defined as:

φi(X) = exp

[
−(X− µi)

T(X− µi)

σi
2

]
, i = 1, . . . , N (11)

where µi and σi denote the center of the receptive field and the width of the Gaussian
function, respectively. According to the RBFNN approximation theory, the approximation
error ε is bounded, namely, |ε| ≤ c, with c being a positive constant.

To get the optimal weights of the network, we use the following adaptive updating
law: .

W = α
[
eΦT(x, xd) + βW

]
(12)

where α is used to control the updating speed, β is a momentum factor that can improve
both training speed and accuracy, and e = xd − x is the error vector.

3.4. Neural Approximation-Enhanced Cartesian Impedance Controller

Based on what we have derived, we can implement the full Cartesian impedance
control with RBFNN approximation compensating for the external uncertainties. The
optimal torque control is defined as follows:

τ∗ = τdyn + τimp + τdist (13)

τdyn = Ĉ
(

θ,
.
θ
)
+ Ĝ(θ)

τimp = JT(θ)
(

Dd
.
xe + Kdxe

)
τdist = W·Φ(x, xd)

τdyn is the robot dynamic torque computed inside the robot motion kernel, with

Ĉ
(

θ,
.
θ
)

and Ĝ(θ) being estimated mechanical terms. τimp is the Cartesian impedance
control toque, with Kd and Dd being the desired stiffness and damping matrices in Cartesian
space. τdist is the RBFNN compensation for the external disturbances. The whole control
diagram is shown in Figure 14.
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4. Simulation and Verification

In order to verify our proposed neural approximation-enhanced Cartesian impedance
controller, simulation experiments were performed in MATLAB.

Both the backrest and the footrest movements are required to track a given periodic
reference trajectory. This experimental setting has its practical application. More specifically,
a controlled periodic motion of the chair can simulate the behavior of rocking a cradle,
whose effect is able to be adjusted through the signal amplitude and frequency. This largely
frees the parents from holding their children, especially outside of the house. In addition,
the active movement of the chair provides the children with more exercise for their muscles,
benefitting their health.

The Cartesian periodic reference trajectories for both backrest motion and footrest
motion are drawn in the same figure in the world coordinates, as, respectively, represented
by the red and blue solid curves in Figure 15. We write the Cartesian reference trajectory as
follows: 

x(t)2 + y(t)2 = R2

xmin ≤ x(t) ≤ xmax
ymin ≤ y(t) ≤ ymax

(14)

where R is the link length of the backrest or the footrest. xmin, xmax, ymin, and ymax are the
motion ranges due to the mechanical constraints of the baby chair. According to the mechan-
ical design, the link lengths of the backrest and footrest are supposed to be 0.5 m and 0.325 m.
Here we double the values to be 1 m and 0.65 m for a stricter situation in terms of stability
and control accuracy. The motion ranges expressed in the world coordinates for the backrest
are: xmin = 0.17 m, xmax = 0.94 m, ymin = 0.34 m, and ymax = 0.98 m, and for the footrest,
these values are: xmin = −0.64 m, xmax = −0.06 m, ymin = −0.65 m, and ymax = −0.11 m.
For comparison, the frequency of the backrest reference motion was set as 1 rad/s, while
that of the footrest reference motion was 3 rad/s. Figures 16 and 17 show the Cartesian
reference trajectory projected on the x-axis and y-axis for backrest motion and footrest
motion, respectively. By calculating the inverse kinematics, we can work out the reference
trajectory in joint space, shown as the third row in Figures 16 and 17. All motions start
from the mechanical zero, as denoted by the dashed lines in Figure 15.
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Figure 17. The Cartesian reference trajectory for the footrest motion projected on the x-axis and
y-axis.

In order to see the performance of disturbance compensation of the RBFNN approx-
imation, we added to the system the noise of a sinusoidal wave. For backrest control,
we set the noise amplitude to be 0.001 m and the noise frequency to be 100 rad/s. This
noise was chosen to simulate the system’s dynamic uncertainties. For footrest control, the
noise amplitude and frequency were set as 0.1 m and 5 rad/s, respectively. This noise was
chosen to simulate the external interaction force generated from the child’s movement. The
noise signal was delayed by 2 s with a zero initial condition for a better observation. The
simulation time lasted 10 s.

The RBFNN contains 6 neurons in its hidden layer, with initial weights W(0) =
[0, 0, 0, 0, 0, 0]. The learning rate was set to be 0.0001, and the momentum was set to be
0.005. The centers of the radial basis functions were tuned to be µ = [−3,−1.5, 0, 1.5, 3, 3.5],
and the width was all tuned to be σ = 2. The desired stiffness coefficients were set to be
Kd = diag[0.2, 0.2], and the desired damping coefficients were Dd = diag[0.0004, 0.0004].

Figures 18–21 show the simulation results. Note that we draw the periodic curves
in the joint space instead of in Cartesian space for the sake of a better demonstration.
Figures 18 and 19, respectively, show the tracking performance for backrest motion control
and footrest motion control under a simple impedance control without RBFNN compen-
sation. It can be observed that there is a tracking bias between the reference trajectory
(red cure) and the system response (blue curve). This bias results from a constant force
exerted on the backrest/footrest, which is used to simulate the weight of the child sitting
on the chair. The pure Cartesian impedance control has no capability to suppress this bias,
implying that it is not enough for practical use.
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Figures 20 and 21, respectively, show the tracking performance for backrest motion
control and footrest motion control under a Cartesian impedance control with RBFNN
compensation. From both figures, we see that the system response (blue curve) quickly
converges to the reference trajectory (red cure) within 0.1 s. After that, the trajectory tracking
error decreases to 0. At 2 s, a disturbance is added, and we see that the system response
still follows the reference trajectory thanks to the RBFNN compensation. The amplitude
of the maximum overshoot is around 2.2 m. We see that for different disturbances (small
amplitude + high frequency; large amplitude + low frequency), the RBFNN-enhanced
Cartesian impedance control has a stable, smooth and accurate tracking performance.
Therefore, we can confirm the effectiveness of our proposed method.
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5. Conclusions

To open up a new growth space for baby chairs in the children’s consumption market,
this paper focuses on the design and control of baby chairs. The main contributions of this
paper comprise:

(1) A novel modularization design method to redesign the shape and structure of the
baby chair to improve its functionality so that it can be used in various scenes for
different purposes to meet the diverse needs of children and parents;

(2) A Cartesian impedance control scheme to achieve a compliant behavior so as to
control the baby chair posture safely by taking into consideration of the unknown
dynamic interaction, especially in the presence of children with different body shapes
and weights;

(3) An RBFNN approximation to compensate for the unpredictable external disturbances
and system uncertainties in different situations to increase the Cartesian impedance
control stability, smoothness, and accuracy.

We believe that our work will cater to children and parents to a large extent and is
beneficial to the increasing market demand for baby furniture. With the novel design for the
structure and appearance of the baby chair as well as the multifunctionality augmented by
the intelligent control adapting to various real environments, this work has great potential
to be a niche product in the current children’s consumption market. For the current
stage, the verification of our proposition is limited to simulation. In the future, based on
the above-mentioned work, we will build a prototype of the baby chair and verify the
effectiveness of both its mechanical design and its RBFNN-enhanced impedance controller
in the real environment to verify the feasibility of our proposed method. Furthermore,
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we will also improve the functionalities of the designed baby chair by carrying out more
practical and extensive experiments on the actual system. The functionality of the artificial
intelligence system, namely, the interaction, companionship and guardianship to ensure
the safety and entertainment of children, is crucial to the final baby chair product. With this
artificial intelligence system, parents have the possibility of monitoring the physical health
and mental activities of their children. Furthermore, by designing some interactive and
educational games, the intellectual development of the children could be facilitated. We
will also collect and analyze feedback from parents to better understand our consumers and
use the feedback to improve our design. In addition, various challenging situations such as
dead-zone and time delays [54–57] shall be considered for being able to adapt to different
environments. Cognitive control, where children’s intention is predicted to increase the
control autonomy, is also an interesting and promising topic that will be further studied.
Last but not least, the current design of the baby chair adopts a rigid-body mechanical
structure design. The fact that there is a lot of interaction with humans indicates that a more
reasonable design method with compliant mechanisms should be considered. In fact, both
compliant mechanisms and rigid-body mechanisms can be generalized into modularized
mechanisms using a module optimization method [58–60]. Such an approach is optimal in
nature and can facilitate the design quality justification of the designed baby chair, which
will be our future work.
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