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A B S T R A C T

With the accelerating pace of population aging in China and the implementation of the smart city pilot policy,
whether the middle-aged and elderly population can integrate and adapt to this “smart” society has become an
urgent problem that needs to be solved. In this context, exploring the impact of smart city pilot policies on the
social adaptation health and mental health of middle-aged and elderly people has become a top priority for China
to implement a national strategy to actively respond to population aging. Thus, based on panel data from the
China Health and Retirement Longitudinal Study (CHARLS) for the years 2011, 2013, and 2015, this study
employs the difference-in-differences (DID) method to investigate whether the smart city pilot policy can
improve the social adaptive health and mental health of middle-aged and elderly people and to explore in depth
the mechanism of its influence. The study finds that compared with non-pilot cities, the social adaptive health
and mental health of middle-aged and elderly people in smart cities improve by 0.6% and 2.2%, respectively. The
mechanism effect study shows that the smart city pilot policy can improve the mental health of the middle-aged
and the elderly through the use of Information and Communication Technology (ICT) and the enhancement of
human capital. Furthermore, for the social adaptive health of middle-aged and elderly individuals, the smart city
pilot policy can only make improvements through the enhancement of human capital. Heterogeneity analysis
shows that the effect of smart city pilot policies on social adaptive health is more pronounced in the middle-aged
group than in the elderly group.

1. Introduction

As the urbanization of human society continues to grow, its focus is
also constantly shifting towards cities. However, this rapid urbanization
has brought many problems behind it, such as traffic congestion, envi-
ronmental pollution, a shortage of resources, and the deterioration of
the health of the population (Neirotti et al., 2014; Reddy et al., 2018),
which seriously impede the effective performance of urban functions.
Against this background, relevant scholars have put forward the concept
of a “smart city”, which is a new solution to the problem of urban dis-
eases (Hollands, 2008). Among them, scholars generally agree that the
core of smart cities is Information and communication technology (ICT)
(Camero & Alba, 2019), mainly including the Internet, the Internet of
Things (IoT), and cloud computing. These technologies can achieve
real-time data collection, transmission, and processing, which is

conducive to urban management. However, cities with ICT are not
necessarily smart cities, because ICT cannot automatically solve urban
problems (Neirotti et al., 2014), and it is necessary to be human-based to
fully exploit the potential of the technology to cope with the pressing
problem of urban diseases. As mentioned by Caragliu et al. (2009),
pointed out, the premise of a smart city is to invest in human and social
capital and ICT, and to improve the lives of residents and promote
economic growth through participatory governance. K. R. Yang. (2018),
Noori et al. (2021), Echebarria et al. (2021), and Wang and Zhou (2023)
proposed from an input-output perspective that the input elements of
smart cities are ICT and human resources. This is because financial re-
sources have an indirect impact on the city through expenditures on ICT
infrastructure and human capital. They unanimously believe that the
purpose of smart cities is to achieve their social, economic, and envi-
ronmental goals. In short, cities can only achieve an effective transition
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to smart cities through investing in both ICT and human capital.
Existing studies have shown that research on smart cities focuses on

the following aspects: physical technology aspects and human society
aspects. The former mainly focuses on the application of advanced
technologies in urban functions to improve the efficiency of urban
management (Kandt & Batty, 2021); the latter mainly emphasizes how
smart cities can help residents have a happier life, such as a better
quality of life (Singh& Singla, 2021), better health, more equality, more
participation, and more diverse culture. For example, Singh & Singla.
(2021) view smart cities as a complex adaptive system, believing that
smart cities are the use of ICT by residents/governments/businesses, in
conjunction with favorable government policies, to promote infra-
structure development, commercial convenience, and citizen partici-
pation, thereby improving the quality of life, achieving sustainable
economic growth, and citizen satisfaction. Zhu et al. (2022) proposed a
“happiness-driven smart city” and defined it as a city with the overall
goal of improving human happiness in the universal digital trans-
formation brought about by technology.
Moreover, smart cities have been favored by government officials of

various countries since they were proposed, and have attracted wide-
spread attention in the construction of cities around the world. For
example, the “Digital Britain” program proposed by the United
Kingdom, Japan’s “I-Japan Strategy 2015” and Singapore’s “Smart
Nation 2015”, and China’s pilot smart city policy implemented in 2012,
and so on. Among them, China is the country with the most smart city
programs. According to relevant statistics, by 2020, China has over 800
smart city projects, accounting for 50% of the global total. This is more
than Europe, India, and the United States combined. As a result, China’s
smart city policy has become increasingly a hotspot of research (Guo
et al., 2023; D. Li et al., 2024). Therefore, this study takes China as the
study area.
However, according to China’s data from the Seventh National

Population Census,1 the proportion of people aged 60 and over in China
is approximately 18.7%, approaching the standard of 14% for a pro-
foundly aging society, and the situation of population aging2 is
becoming increasingly serious. Among them, with the aging of the
population, the health issues of the elderly have attracted much atten-
tion, and health is also the foundation of active aging. The World Health
Organization (WHO) defines health as a state of comprehensive phys-
ical, mental, and social health, not just the absence of illness or weak-
ness.3 Mental health and social adaptation health are important
components of health and important concerns for public health. As po-
tential elderly people, middle-aged people need to be included in the
focus of research, as this group is the main component facing aging. In
addition, the popularity of the internet in China’s middle-aged and old-
aged groups is also increasing. According to statistics, as of December
2022, the proportion of internet users over 50 years old reached 30.8%,4

and the internet will further penetrate into the middle-aged and old-
aged groups. It can be seen that the middle-aged and elderly groups
are accelerating their integration into a “smart” society, and are grad-
ually forming a complex situation in which the Internet-based “smart”
society is intertwined with the basic national situation of an aging
population. However, middle-aged and elderly people are a group with
high incidence of diseases. Due to the decline in physical functions and

cognitive abilities, as well as the decrease in interpersonal communi-
cation and outdoor activities after retirement, they are not only prone to
be disconnected from the fast-changing “intelligent” society but also
suffer from social isolation (Taylor, 2020), which can reduce their social
adaptation health. At the same time, it is also easy to cause loneliness
and reduce the mental health of the middle-aged and elderly (depression
and other problems). The implementation of the smart city pilot policy
enables elderly people to have more opportunities to learn new things
independently through ICT and channels to understand social progress,
enjoy more experiences of participating in social life and the rights and
interests of integrating into social networks (Nordin et al., 2022), and at
the same time, a high level of human capital can help to shape a clean,
inclusive, and low-crime urban environment, to solve the problem of
social adaptive health of middle-aged and elderly people under the
background of population aging proactively. In this way, we can pro-
actively address the challenges of improving the social adaptation and
mental health of middle-aged and elderly people in the context of
population ageing. Based on this background, an in-depth discussion of
the impact of the implementation of China’s smart city pilot policy on
the social adaptive health and mental health of the middle-aged and
elderly population will not only help to improve the quality of life of the
elderly but also help to minimize the negative impacts of population
aging on the socio-economic development of China, which is of great
significance for the promotion of positive aging and the realization of a
healthy China.
Currently, the literature on smart cities and health focuses on two

main areas: physical technologies and empirical studies. The former
mainly focuses on applying corresponding technologies to the health of
residents, in order to achieve more sustainable, fair, and livable cities.
For example, the “Smart Health Social Space” proposed by Thompson
et al. (2023) and the URBANAGE project proposed by Tupasela et al.
(2023). The latter mainly focuses on empirical research on smart cities
and health. Among them, a large body of literature analyzes the impact
of smart city pilot policies on residents’ subjective health from the
perspective of their subjective feelings (e.g., subjective well-being,
subjective quality of life, and residents’ sense of access). For example,
Wang et al. (2023) used a generalized ordered logit model with residents
of all ages to explore the impact of smart city investments (ICT and
human capital) on residents’ subjective quality of life; Li (2019) also
used residents of all ages as research subjects and employed the Chinese
General Social Survey (CGSS 2015) to explore the impact of the level of
smart city construction and emerging ICT usage habits on the sense of
acquisition of residents in the new era. Zhu et al. (2022) even introduced
a happiness-driven smart city mechanism as a way to better guide smart
cities toward people-centered development. In addition, some scholars
have taken the perspective of residents’ objective health status (self--
rated health) of middle-aged and elderly people as a perspective to
explore in depth the mechanism of the impact of smart cities on resi-
dents’ objective health status. For example, Wu et al. (2022) found that
smart cities can improve the health status of middle-aged and elderly
people by reducing the use of outpatient services and increasing the use
of inpatient services; Chen et al. (2022) studied the impact of regional
smart healthcare service systems on the objective health status of the
residents (self-assessed health) at the regional level. However, few
studies have paid attention to the issue of whether middle-aged and
elderly people can integrate and adapt to the “smart” society, which
promotes active aging, as the aging population deepens and the “smart”
society develops. Furthermore, few studies have examined the impact of
the implementation of smart cities on both the (objective) social adap-
tive health and (subjective) mental health of older and middle-aged
people. In addition, the impact mechanism of the implementation of
smart city pilot policies on the social adaptation health and mental
health of middle-aged and elderly people is still unclear.
To summarize, based on the China Health and Retirement Longitu-

dinal Study (CHARLS) data of 2011, 2013, and 2015, this paper in-
tegrates the smart city pilot implemented in 2012 into a quasi-natural

1 Sourced from Communiqué of the Seventh National Population Census (htt
p://www.stats.gov.cn/sj/tjgb/rkpcgb/qgrkpcgb/202302/t20230206_1902002.
html).
2 Sourced from the National Bureau of Statistics of China’s determination of
population ageing (https://www.stats.gov.cn/zsk/snapshoot?reference=33e2
b9cdb6391521c53328be6244e40b_69B6C8B87C97584F639081FC228209AE).
3 World Health Organization WHO constitution Published online
https://www.who.int/about/governance/constitution.
4 Sourced from the 51st Statistical Report on China’s Internet Development
(https://www.cnnic.net.cn/n4/2023/0303/c88-10757.html).
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experiment as a way of identifying the effects of the implementation of
the smart city pilot policy on the social adaptation health and mental
health of middle-aged and elderly people; the aim is to determine the
causal effects of the implementation of the smart city pilot policy on the
social adaptive health and mental health of middle-aged and elderly
people. The contributions of this paper are as follows. (1) Against the
backdrop of population aging and “smart” society, this study quantita-
tively analyzes the impact of the implementation of smart city pilot
policies on the health of middle-aged and elderly people from two di-
mensions: objective health (social adaptation health) and subjective
health (mental health). It explores whether middle-aged and elderly
people can adapt to and integrate into “smart” life, enriches the research
on the health of middle-aged and elderly people by smart city pilot
policies, and still has positive practical implications for promoting the
healthy aging process in China. (2) This study also aims to explore in
depth whether the smart city pilot policy can improve the social adap-
tive health andmental health of middle-aged and elderly people through
ICT use and enhancement of human capital from the connotation of
smart city. Finally, (3) this study aims to further investigate the differ-
ences in the implementation of the smart city pilot policy on the social
adaptive health and mental health of middle-aged and elderly people
from the perspective of education level and age.

2. Policy background and theoretical analysis

2.1. China’s smart city pilot policy

The Chinese government defines “smart city” as a new concept and
mode of promoting the wisdom of urban planning, construction, man-
agement, and services by using new-generation information technolo-
gies such as the Internet of Things (IoT), cloud computing, big data, and
spatial geographic information integration (Huang et al., 2020). Until
now, China has conducted three rounds of national smart city pilots.
China started to design, implement, and build smart cities in line with
China’s national conditions in 2010, and the basic principle of the
construction is to pilot before promotion. Among them, in 2012, China’s
Ministry of Housing and Construction (MOHURD) selected 90 cities
(districts, counties, and towns) as the first batch of smart city pilot
projects, including 37 prefecture-level cities, 50 districts (counties), and
3 towns. Subsequently, the second batch of smart city pilot projects was

announced in August 2013, which included 103 cities (districts,
counties, and towns) in the second batch of pilots. In 2015, 84 new cities
(districts, counties, and towns) were identified as smart cities 2014
smart city pilots, the distribution map is shown in Fig. 1, which shows
that as of the end of 2014, 118 prefecture-level cities were smart city
pilots.

2.2. Direct impacts of pilot smart city policies on the social adaptive
health and mental health of middle-aged and older adults

The implementation of the smart city pilot policy has improved the
level of community health services (Guo et al., 2023). Elderly people can
utilize high-quality community health services for efficient management
of chronic diseases, which not only slows down the process of debilita-
tion, soothes the loneliness of the elderly (Kojima et al., 2022), and
safeguards their mental health, but also greatly reduces the likelihood of
social isolation occurring, thereby improving their social adaptation
health (Menec et al., 2020). In addition, the construction of intelligent
transportation service systems and intelligent environmental moni-
toring systems effectively reduces energy consumption and pollution
emissions (Zhao et al., 2022), thereby reducing the risk of lung cancer
and chronic diseases among middle-aged and elderly people (Burney &
Amaral, 2019). Several studies have shown that older adults with mul-
tiple chronic diseases are more likely to suffer from social isolation
(Kristensen et al., 2019), and older adults in social isolation are more
prone to cognitive decline due to the lack of adequate social activities
(Chou et al., 2011), which negatively affects the social adaptation and
mental health of middle-aged and older adults. In addition, the imple-
mentation of smart city pilot policy can change the social and lifestyle of
middle-aged and older adults. Some studies have shown that older
adults who use online payments have better physical and mental health
(Liu et al., 2021). Based on the above discussion, the following hy-
potheses are proposed in this study.

H1. The implementation of pilot smart city policies may improve the
social adaptation health and mental health of middle-aged and older
adults.

Fig. 1. Geographic distribution of smart city pilots in China.
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2.3. Mechanism analysis of smart city pilot policies on social adaptation
health and mental health of middle-aged and elderly people

Older people were able to participate in more social activities
through the use of ICT, which in turn reduced loneliness, improved well-
being, and had a positive impact on mental health (Y.-R. R. Chen &
Schulz, 2016) and social adaptation health (Bidenko et al., 2022) of
older people. Specifically, older adults were not only able to closely
contact their family and friends but also make new friends by using the
Internet, which to a certain extent increased the overall social partici-
pation of older adults, which in turn helped them to actively integrate
into the society (Y. Yang et al., 2022), thus improving their social
adaptive health and promoting their positive emotional experience (X.
Liu & Larose, 2008). In addition, most studies still emphasize and
acknowledge the positive effects of ICT on cognitive performance in
older adults, with one study finding that older individuals with desktop
computers or cell phones experienced a significant attenuation of
cognitive decline over the following four years compared to those
without computers or cell phones. Therefore, the following hypothesis is
proposed in this paper.

H2. The implementation of smart city pilot policies may improve the
socially adapted health and mental health of middle-aged and elderly
people through the use of ICT.

The construction of smart cities can quantitatively and qualitatively
enhance human capital. According to the theory of human capital,
higher levels of human capital are associated with relatively high levels
of health capital (T.-H. Wang & Lu, 2022). Regions with higher levels of
human capital also have higher levels of quality of life (Winters, 2011),
which in turn improves the mental health of older people (Boyacioglu
et al., 2023). Moreover, the development of human capital in smart
cities promotes technological innovation and economic development

(Zeng et al., 2023), and then improves the quality of the environment
and reduces energy consumption to a certain extent (J. Chen, 2023). A
good environment can have a positive impact on the physiological and
psychological health of middle-aged and older adults (H. Fan et al.,
2022). For example, the emergence of smart Ambient Assisted Living
(AAL) gardens increases the social activities of the elderly (Zschippig &
Kluss, 2016), and improves the sense of social participation of the
elderly, which in turn helps the elderly to actively integrate into the
society and enhances their ability to adapt to social development and
change. Finally, tailored transportation services or intelligent public
transportation systems that support the mobility of older adults, thereby
increasing their life satisfaction (Crotti et al., 2021; Samsik & Hyojin,
2020). In conclusion, this paper presents the following hypothesis.

H3. The implementation of pilot smart city policies may improve the
socially adapted health and mental health of middle-aged and older
adults by enhancing human capital.

This research suggests a framework diagram of the impact of smart
city pilot policies on the socially adapted health and mental health of
middle-aged and elderly people, which is shown in Fig. 2.

3. Data and methodology

3.1. Data source

Data on social adaptive health and mental health and individual
characteristics of middle-aged and elderly people were obtained from
the CHARLS. The information contained in the database is collected and
processed by the Institute of Social Science Survey, Peking University.
The survey, which began in 2011, is revisited at two-year intervals, and
results are published on appropriate platforms, with the most recent
data updated to 2018. This study used balanced panel data drawn from

Fig. 2. Framework diagram of the impact of the implementation of the smart city pilot policy on social adaptive health and mental health.

X. Liu et al.
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the CHARLS for 2011, 2013, and 2015. The database adopts a multistage
hierarchical sampling methodology to survey 28 provinces (autonomous
regions and municipalities directly under the central government), 150
counties, and 450 communities or villages in China and collects data at
the individual, household, and community levels. Data on macroeco-
nomic variables were drawn from the China Urban Statistical Yearbook.
First, this paper selected relevant variables from the CHARLS database.
Then, considering that China’s pilot smart city construction has been
carried out in batches, residents in the 2012 pilot cities were selected as
the treatment group, while residents in non-pilot cities were used as the
control group. Furthermore, to eliminate the influence of the second and
third batches of smart city construction, the residents from these cities
were deleted from the sample. In addition, residents of districts
(counties) within the pilot cities were also deleted. Next, the ICT and
human capital data were matched with individuals, according to prov-
ince and city information. Finally, after preprocessing these panel data,
approximately 23,970 observations remained available for analysis.

3.2. Variables

3.2.1. Explained variables
The social adaptive health and mental health of middle-aged and

older adults is the focus of this study. Especially under the concept of
healthy ageing, better social adaptive health and mental health have a
positive impact on, among other things, the quality of life of older
people. Most of the literature has demonstrated that internet use opens
up the social circle of older adults, reduces their levels of depression and
loneliness (Tang et al., 2022), and enhances their psychological
well-being, which in turn reduces their social isolation (Ni & Wang,
2022), thus improving their social adaptive health (Xu et al., 2023). In
addition, the World Health Organization (WHO) believes that socially
adapted health cannot be ignored.3 Tables 1 and 2 provide a detailed
description of the index. Referring to the study of Liu. (2022), the en-
tropy method was used to calculate mental health and social adaptive
health.

3.2.2. Core explanatory variables
The smart city pilot policy is defined as the interaction term between

the smart city pilot and the time dummy variable (Treat x Time). Spe-
cifically, smart city pilots in China are implemented in batches, with the
smart city construction pilot being launched in 2012 and the second and
third batches of smart city pilots being launched in 2013 and 2015,
respectively. In this paper, we include 2012 as a smart city pilot in the
quasi-natural experiment. If a city is identified as a smart city pilot, the
value of the core explanatory variable (Treat x Time) is 1 in the year
identified as a smart city and the following years, and 0 otherwise.

3.2.3. Control variables
To minimize the estimation bias caused by missing variables, the

following control variables were introduced in this paper based on
studies on health by scholars Wu et al. (2022), Li et al. (2022), and Mu
et al. (2022), as shown in Table 3. The control variables used in this
study include demographic variables (age, marital status, etc.),
socio-economic variables (per capita household income), and health
variables (self-assessed health, smoking, and alcohol consumption, etc.).

3.2.4. Mediating variables
Themechanism variables used to validate the effect of smart cities on

the socially adapted health and mental health of middle-aged and
elderly people included ICT and human capital. Most of the literature on
the measurement of ICT indicators uses both single and composite in-
dicators, and the selected indicators mainly include the internet pene-
tration rate and cell phone penetration rate (Ben Ali & Gasmi, 2017). In
this study, the entropy method was used to calculate the number of cell
phone users per 100 people and internet users per 100 people to obtain
an ICT index. In most studies on smart cities, the proportion of people
with a higher education or with advanced degrees can be measured as a
human capital index (Hu et al., 2023). In this paper, the number of
college students per 10,000 people was selected as a proxy variable for
human capital, as shown in Tables 3 and 4.

3.3. Model

3.3.1. Identification strategy
The DID method is a quasi-natural experimental method used for

comparing outcomes over time between individuals affected by a policy
(treatment group) and those not affected by the policy (control group).
Therefore, the DID method is an effective method for assessing policy
effects(J. Chen, 2023). Referring to the research of Wu et al. (2022), this
paper also adopted the DID model to determine the impact of smart
cities on the socially adapted health and mental health of the elderly, as
follows:

Yit =α + βdidit + δXit + τt + ωi + εit (1)

In the equation, Yit represents a set of health variables of middle-aged
and elderly people, including mental health and social adaptive health.
didit is the DID estimator, and its coefficient β is the coefficient of central
concern in this study; this coefficient represents the difference between
smart city pilots and non-pilot cities in the group of middle-aged and
older people’s outcome variables, which enables the exploration of the
policy effect of smart cities, that is, whether smart cities improve the
health of the middle-aged and older people. Xit represents a set of in-
dividual control variables, τt represents the time-fixed effect, ωi repre-
sents the year fixed effect, and εit represents a disturbance term. It is
important to note that the model does not control for community or city

Table 1
Health variables for middle-aged and elderly people.

First-level indicators Secondary indicators Indicator attributes

Mental health Situational memory Positive
Psychological cognition Positive
Self-assessed depression Negative

Social adaptive health Social interaction Positive
Learning and adaptability Positive
Social support Positive

Table 2
Definitions of health variables for middle-aged and elderly people.

Variables Description

Situational memory Contains short-term memory questions and delayed memory
questions; the number of correct responses is a respondent’s
situational memory score. Score range: [0,20].

Psychological
cognition

Contains questions about calculations, dates, seasons, and
drawings; the number of correct responses is a respondent’s
mental cognition score. Score range: [0,12].

Self-assessed
depression

Contains 10 questions dealing with the respondent’s feelings
and behaviors in the last week; the respondent chooses from
four options by indicating the frequency of occurrence. The
scores represented by the options are summed up as the
depression self-assessment score. Score range: [0,30].

Social interaction Asks about four activities, namely, visiting a door, playing
mahjong or chess, going to a park or other places to dance or
work out, and participating in activities organized by a club;
one point is awarded for participation in each one of the
abovementioned activities. Score range: [0,4].

Learning and
adaptability

Contains three activities such as going to school or attending
a training course, speculating on stocks, and surfing the
internet; one point is awarded for having participated in
each activity. Score range: [0,3].

Social support Contains engagement in unpaid assistance to relatives or
neighbors who do not live together, engaging in unpaid care
for the sick or disabled who do not live together, and
participation in volunteer activities or charitable activities;
one point is awarded for participation in each activity. Score
range: [0,3].

X. Liu et al.
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fixed effects, as factors that do not vary over time are absorbed by in-
dividual fixed effects.
To verify the previous theoretical analysis that smart cities improve

the health of middle-aged and elderly people by enhancing ICT and
human capital (HC), this paper constructs the following model:

Yit =φ0 + φ1didit ×Medit + φ2didit + φ3Medit + φ4Xit + τt + ωi + εit (2)

whereMedit represents the ICT and human capital (HC) of city i in year t.
The marginal effect of the smart city policy on the health of the middle-
aged and elderly is φ1Medit + φ2, If φ1 is significantly positive, this
suggests that the higher the value is for the city of Medit, the more the
health of the middle-aged and elderly can be significantly improved by
the smart city policy; in other words, the smart city policy can improve
the health of the middle-aged and elderly by enhancing both ICT and
HC.

3.3.2. Abadie SDID reweighted regression
The processing method of Abadie SDID reweighted regression can

make the DID results more credible, as the credibility of the DID results
depends on the assumption of parallel trends, that is, the health status
trend of the middle-aged and elderly population in pilot cities should be
the same as that in non-pilot cities. However, there is not much data
available in the CHARLS database to test these parallel trends directly.
Even though individual fixed effects are controlled for in this paper, the
validity of the DID results can be affected by factors such as time,
chance, or other policies. Therefore, this paper conducted a robustness
test through the reweighted semiparametric difference-in-difference
(SDID) proposed by Abadie (2005). In addition, the research method
of Ma et al. (2019) was also referred to regarding the robustness test.
Specifically, as follows, since the premise of this method is to use only
two-period balanced panel data, this paper caused the characteristics of
these two groups of samples tend to be balanced by weighting the
treatment group and the control group; finally, it measured the effect of
the policy by comparing the amount of change in the outcome variables
of the weighted treatment group and the control group in the two-period
period. The average treatment effect of SDID is as follows:

E
[

△Yt
P(d = 1)

×
dt − π(Xb)
1 − π(Xb)

]

(3)

where dt is whether it is a treatment group at moment t, P(dt = 1) is the
probability of the treatment group, and π(Xb) denotes Abadie’s weight
value, which can be calculated by the linear probability model π(Xb) =

P(dt = 1|Xb). According to Ma et al. (2019), SDID is a credible research
method; if the DID model cannot satisfy the parallel trend assumption,

Table 3
Meaning of variables.

Variable types Variable
symbols

Variable definitions

Explained variables
Mental health MH Selecting situational memory, mental

cognition, and self-assessed
depression indicators and using the
entropy method for calculations.

Social adaptive health SAH Selecting social interaction, learning
and adaptability, and social support
indicators and using the entropy
method for calculations.

Explanatory variables
Treat – Dummy variable: the value of 1 for the

treatment group, and 0 for the control
group.

Time – Dummy variable: value of 0 before
2012, 1 after 2012.

Did did Interaction items of Treat and Time.
Control variables
Age Age Age of respondents in 2011, 2013, and

2015
Education Edu Educational attainment in order from

0 to 7 (0 for private school, illiteracy,
or not having graduated from
elementary school; 1 for having
graduated from elementary school; 2
for having graduated from junior high
school; 3 for having graduated from
high school; 4 for having graduated
from secondary school; 5 for having
graduated from junior college or
obtaining a bachelor’s degree; 6 for
having graduated with a master’s
degree; and 7 for having graduated
with a doctoral degree).

Marriage Mar Marital status of respondents: the
value of 1 for married and living with
a spouse, 0 for others.

Self-rated health Srh Respondents scored their self-assessed
health on a scale ranging from 1 to 5
(i.e., excellent, very good, good, fair,
and bad).

Smoke Smoke Respondents who have smoked more
than 100 cigarettes in their lifetime
are categorized as 1, and those who
have not smoked more than 100
cigarettes are categorized as 0.

Drink Drink Respondents are given a value of 1 if
they have consumed alcoholic
beverages (e.g., beer, wine, or liquor)
in the past year, 0 otherwise.

Medical insurance Insu Respondents’ participation in health
insurance is given a value of 1;
otherwise, it is 0.

Outpatients Outpatient Have the respondents visited an
outpatient clinic in the past month? 1
if yes, 0 otherwise.

Hospitalization Hosp In the past year, did the respondent
have a doctor say they should be
hospitalized, but they were not? 1 if
yes, 0 otherwise.

Household income per
capita

Income Total family income/family size
(yuan/person)

Job Job Are the respondents employed? 1 if
yes, 0 otherwise.

Mediating variables
Information and
communications
technology

ICT The data on the average number of
cell phones per 100 people and the
internet were selected via the entropy
method for calculations

Human capital HC Number of university students per
10,000 population

Table 4
Descriptive statistical analysis of variables.

Variable Obs Mean Std.Dev. Min Max

Explained variables
Mental health 23970 0.442 0.185 0 0.965
Social adaptive health 23970 0.043 0.075 0 0.859
Control variables
Age 23970 61.311 8.947 45 98
Age2 23970 3839.147 1138.640 2025 9604
Education 23970 1.748 1.441 0 7
Marriage 23970 0.842 0.365 0 1
Self-rated health 23970 3.968 0.881 1 5
Smoke 23970 0.374 0.484 0 1
Drink 23970 0.336 0.472 0 1
Medical insurance 23970 0.726 0.446 0 1
Outpatients 23970 0.208 0.406 0 1
Hospitalization 23970 0.115 0.320 0 1
Income(yuan/person) 23970 76840.673 1210000 0 50000000
Job 23958 0.715 0.451 0 1
Mediating variables
ICT 23970 0.206 0.162 0 1
Human capital 23680 162.709 148.050 9.03 1294
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then the ABS-DID method can be used for further validation.

4. Results and discussion

4.1. Baseline results

The DID model was used to test the impact of the smart city pilot
policy on the health of middle-aged and elderly people, and the results
are shown in Table 5. This paper focuses on the estimated coefficients
obtained before the introduction of the DID variable. It can be seen that
the coefficients of DID are significantly positive (coefficient values of
0.024, 0.022, 0.006, 0.006, with p-values of <0.01, <0.01, <0.1, <0.1,
and <0.1, respectively) regardless of whether a control variable is
introduced. Therefore, Hypothesis 1 is shown to be valid. The reasons for
the above results may be related to the development of ICT in smart
cities, which can help middle-aged and elderly individuals broaden their
original social network (Tang et al., 2022) to establish better social ac-
tivities, improve the social adaptive health of the middle-aged and the
elderly (Ni & Wang, 2022), and reduce loneliness of the middle-aged
and the elderly to maintain a good psychological state.

4.2. Robustness tests

4.2.1. Parallel trend test
The premise of using the DID method is to meet parallel trends, that

is, when not impacted by pilot policies, the social adaptive health and
mental health of the experimental group and the control group have the

same trend of change. Therefore, this article draws on the research of
Shen et al. (2024), using the year of the establishment of the smart city
pilot project (2012) as the benchmark year, and constructs interaction
terms between the treatment group and the dummy variables of each
year before and after the base period, and finally conducts empirical
regression testing. Figs. 3 and 4 show the results of the parallel trend test
of the DID model. The analyses show that the treatment group and the
control group share the same trend before 2012, so the results of this
paper pass the parallel trend test.

4.2.2. Abadie SDID weighted regression
This paper uses two periods of balanced panel data from 2011 to

2015, and the results are shown in Table 6. The coefficients before the
interaction terms are significantly positive for the indicators of mental
health and social adaptive health of middle-aged and elderly people, and
the results are consistent with the previous section.

4.2.3. Exclude the sample self-selection bias
This paper adopted the PSM-DID method for robustness testing. As

seen from Table 7, the p-values after matching the control variables are
all much larger than 10%, which indicates that there is no significant
difference between the control variables of the samples in the treatment
and control groups, and the matching level is satisfactory. From the
goodness of fit, it can be seen that the pseudo R2 value after fitting de-
creases from 0.014 to 0.001, and the p-value rises from 0.000 to 0.962;
that is, the significance of LR disappears, which indicates that the results
after matching can better balance the sample distribution of the control
variables in the two groups, and ensure the parallel trend of the samples.
In addition, it can be seen from Fig. 5 that the difference between the
treated group and the control group after matching is significantly
reduced compared with that before sample matching. The regression
results of the matched samples are also given in Table 8. From the results
shown in Columns (1)–(2) in Tables 8 and it can be seen that the coef-
ficient of did is significantly positive, indicating that the application of
this method can effectively alleviate the self-selection bias problem from
the samples and that the construction of a smart city policy significantly
improves the mental health and social adaptive health of middle-aged
and elderly people. Moreover, this paper also carried out correspond-
ing validation with other matching methods, the results of which are
shown in Columns (3) and (4) in Table 8; the results show not only that
the PSMmethod is more reasonable but also that the obtained results are
more robust.

4.2.4. Placebo test
To further exclude the suggestion that the effect of the smart city

Table 5
The impact of smart city pilot policies on the health of middle-aged and older
adults.

Variables MH SAH

(1) (2) (3) (4)

Did 0.024a 0.022a 0.006c 0.006c

(5.29) (4.88) (1.77) (1.73)
Age 0.013 0.018

(1.34) (7.00)
Age2 − 0.0002a − 0.0001a

(-7.56) (-8.71)
Edu 0.003 0.002

(0.98) (0.87)
Mar 0.005 0.001

(1.31) (0.69)
Srh − 0.006a − 0.002a

(-5.34) (-2.68)
Smoke 0.003 − 0.003

(1.05) (-1.17)
Drink 0.005c 0.012a

(1.85) (6.76)
Insu 0.002 0.001

(0.64) (0.51)
Outpatient − 0.001 0.004a

(-0.71) (3.74)
Hosp − 0.003 − 0.002

(-1.03) (-1.09)
Income − 0.000 0.000

(-0.67) (0.53)
Job 0.005b 0.007a

(2.07) (4.75)
Constant 0.490a 0.349 0.042a − 0.544a

(1883.21) (0.59) (228.12) (-4.74)
Observations 21,335 21,326 23,970 23,958
R-squared 0.761 0.763 0.605 0.610
id FE YES YES YES YES
Year FE YES YES YES YES

Note: t-values in parentheses, clustered to individuals.
a p < 0.01.
b p < 0.05.
c p < 0.1; id and Year represent individual fixed effects and year fixed effects,
respectively. Fig. 3. The parallel trend tests of mental health.
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pilot policy on the health of middle-aged and older adults was influ-
enced by other unknown unobservable factors and to ensure that the
baseline results were indeed caused by the establishment of the smart
city, the current study employed a placebo test for further certainty (Nie
et al., 2023). Specifically, an indirect placebo test was used to randomly
generate a list of smart cities, thus generating an incorrect estimate,

β̂
random

; this randomization process was repeated 500 times, thus

generating 500 β̂
random

values accordingly. The results are shown in
Fig. 6. The probability density distribution plot of the estimated co-
efficients reveals that the estimates of the randomized treatments are
centrally distributed around zero, with most of the p-values above 0.1,
indicating that there is no significant effect of smart cities in the 500
random samples. In other words, there is a significant difference from
the baseline estimation; that is, the constructed dummy treatment effect
does not exist.

4.3. Mechanism tests

First, the results in Table 9 report the impact of the smart city pilot
policy on the mental health and social adaptive health of middle-aged
and elderly people through ICT and human capital. As seen in Col-
umns (1) and (3), the coefficients of ICT*did are positive (coefficients:
0.069, 0.009, and p-values:<0.01,>0.1, respectively); that is, the smart
city policy has a stronger effect on improving the mental health of
middle-aged and elderly people in cities with more advanced ICT, but
the effect on improving the social adaptive health of middle-aged and
elderly people is not significant. However, it may be influenced by other
factors (Sun & Zhou, 2021a), such as the personal and social charac-
teristics of the elderly population (Hanninen et al., 2021), and the way
elderly individuals use the internet (He et al., 2020). Second, as seen in
Columns (2) and (4), the coefficients of HC*did are significantly positive
(coefficients: 0.013, 0.008, p-values: <0.01, <0.1, respectively), indi-
cating that the smart city pilot policy can improve the mental health and
social adaptive health of middle-aged and elderly people by improving
human capital, which is consistent with the results of the studies by
Winters (2011) and Xu et al. (2023).

4.4. Heterogeneity analysis

This paper tested the heterogeneous effects of smart city construction
on the health of middle-aged and elderly people under different edu-
cation levels and ages; the results are shown in Table 10. First, the
heterogeneous effects of the smart city pilot policy on the mental health
and social adaptive health of middle-aged and elderly people were
estimated based on the education level of individuals, as shown in
Columns (1) to (4) in Table 10. The effect of the smart city pilot policy on
mental health is significantly positive for both junior high school edu-
cation and junior high school education and above (coefficients: 0.033,
0.019, p-value <0.01, p-value <0.1 respectively), while the effect of the
smart city pilot policy on the social adaptive health of middle-aged and
elderly people is not significant. The reason for this outcomemay be that
the use of ICT narrows the health differences between the more educated
and less educated populations. The ceiling effect theory proposed by
Ettema and Kline. (1977) can explain the above result; this theory argues
that an individual’s pursuit of specific knowledge is never-ending and
that once a specific “ceiling” is reached, the growth of knowledge will be
slowed down or stopped; furthermore, although the growth of knowl-
edge is slower among less-educated people, it will catch up with the
more-educated people as time passes.
Second, the heterogeneous effect of age was tested, and the results

are shown in Columns (5) to (8) of Table 10. The smart city pilot policy
has a significant positive effect onmental health for those under 60 years
old and above, which is consistent with the findings of most related
studies (S. Fan & Yang, 2022a; H. Wang et al., 2022). This article argues
that the development of ICT in smart cities allows middle-aged and

Fig. 4. The parallel trend tests of social adaptive health.

Table 6
Results of the reweighted semiparametric difference-in-difference (SDID)
approach.

MH SA

(1) csinf(0.01) csup
(0.99)

(2) sle (3) csinf(0.01) csup
(0.99)

(4) sle

ATT 0.007** 0.008** 0.006** 0.005**
(2.08) (2.18) (2.25) (2.14)

N 14,064 14,152 15,470 15,969
Covariate YES YES YES YES
id FE YES YES YES YES
Year FE YES YES YES YES

Note: z-values in parentheses; *, **, and *** represent 10%, 5%, and 1% sta-
tistical significance levels, respectively. ATT: average treatment effect; N: sam-
ple size.

Table 7
Results of balanced hypothesis testing for caliper matching.

Variables Unmatched Mean %bias t-test

Matched Treated Control t p>|t|

Age U 60.43 61.009 − 6.7 − 2.69 0.007
M 60.43 60.647 − 2.5 − 0.75 0.455

Age2 U 3725.1 3796.9 − 6.6 − 2.66 0.008
M 3725.1 3750.2 − 2.3 − 0.70 0.484

Edu U 2.148 1.790 24.5 10.08 0.000
M 2.148 2.129 1.4 0.42 0.677

Mar U 0.896 0.849 14.1 5.38 0.000
M 0.896 0.904 − 2.4 − 0.78 0.434

Srh U 3.847 3.965 − 13.5 − 5.43 0.000
M 3.847 3.864 − 1.9 − 0.56 0.574

Smoke U 0.372 0.378 − 1.2 − 0.48 0.630
M 0.372 0.373 − 0.1 − 0.03 0.972

Drink U 0.368 0.334 6.1 2.49 0.013
M 0.368 0.369 − 0.1 − 0.03 0.972

Ins U 0.732 0.715 3.8 1.53 0.126
M 0.732 0.742 − 2.3 − 0.68 0.494

Outpatient U 0.168 0.212 − 11.4 − 4.44 0.000
M 0.168 0.167 0.3 0.09 0.928

Hosp U 0.095 0.117 − 7.2 − 2.79 0.005
M 0.095 0.112 − 5.5 − 1.65 0.100

Income U 58861 72548 − 1.2 − 0.48 0.635
M 58861 49049 0.9 0.30 0.766

Job U 0.670 0.727 − 6.0 − 2.44 0.015
M 0.670 0.670 0.2 0.07 0.942

Sample pseudo R2 LR chi2 P value

Unmatching 0.014 174.31 0.000
Matching 0.001 4.86 0.962
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elderly people to access more health knowledge and online services,
alleviating middle-aged and elderly people and levels of loneliness and
depression, thus improving their mental health (Zhang & Li, 2022).
However, for those under 60 years old, the smart city pilot policy
significantly improves their social adaptive health level, while for those
over 60 years old, the smart city pilot policy has no significant effect on
their social adaptive health level. It has been suggested that the fre-
quency and activity of internet access is also lower for older groups, and

their social adaptive health is relatively weaker (Mariano et al., 2021a).
Therefore, the impact of the smart city pilot policy on the social adaptive
health of this group is not significant.

5. Discussion

In recent years, smart cities based on ICT have attracted extensive
attention from scholars, especially in the context of China’s upcoming
deep aging and “smart” society. This study explores the impact of smart
city pilot policies on the objective health (social adaptation health) and
subjective health (mental health) of middle-aged and elderly people, in
order to promote active aging and achieve a healthy China. Based on
CHARLS panel data from 2011, 2013, and 2015, this paper establishes a
DID model to explore whether the smart city pilot policy can improve
the mental health and social adaptive health of middle-aged and elderly
people. Firstly, the results of this study indicate that the smart city pilot
policy can significantly improve the mental health of middle-aged and
elderly people, which has increased the mental health of middle-aged
and elderly people by 2.4%. This is consistent with the results of D. Li
et al. (2023), Yu et al. (2020), and M. M. Wang & Zhou. (2023). How-
ever, most studies on mental health have focused on single emotional
indicators such as depression, happiness, and so on (S. Fan & Yang,
2022). Few scholars use comprehensive indicators of mental health.
Given this, this study uses the entropy right method to calculate situa-
tional memory, psychology cognition, and self-assessed depression.
In addition, this study found that the impact of smart city pilot

policies on the mental health of middle-aged and elderly people varies
depending on their education level and age. In particular, the smart city

Fig. 5. Propensity score matching graph.

Table 8
PSM-DID results.

Variables MH SAH MH SAH

(1) Caliper
matching

(2) Caliper
matching

(3) Nearest
neighbor
matching (1:4)

(4) Nearest
neighbor
matching (1:4)

Did 0.022a 0.006b 0.022b 0.006b

(4.85) (1.70) (4.84) (1.70)
Constant 0.600

(1.01)
− 0.516
(− 4.53)

0.601 (1.01) − 0.513 (− 4.51)

Observations 21,182 23,746 21,185 23,754
R-squared 0.762 0.609 0.762 0.611
Covariate YES YES YES YES
id FE YES YES YES YES
Year FE YES YES YES YES

Note: t-values in parentheses, clustered to individuals; **p < 0.05.
a p < 0.01.
b p < 0.1. id and Year represent individual fixed effects and year fixed effects,
respectively.

Fig. 6. Probability distribution plot and p-Value plot for placebo tests.
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pilot policy had a better impact on the mental health of older adults
compared to the middle-aged group. This is different from previous
studies that have found that the impact of smart city pilot policies on
depression and life satisfaction is not significant when the age is over 60
and the education level is low (M. M. Wang & Zhou, 2023). The possible
reason for this result is that the middle-aged group has a wider social
network and can obtain more social support and connections through
employment and other means, while the elderly group has fewer ways to
maintain social connections and obtain social support. Due to the
decrease in intergenerational support in real life, ICT in smart cities has
become a key channel for spiritual support for the elderly. Further
research has shown that watching news, watching videos, and playing
games can significantly improve the mental health of middle-aged and
elderly people in rural China (S. Fan & Yang, 2022).
Existing literature has paid little attention to the impact of smart city

pilot policies on the social adaptation health of middle-aged and elderly
people. This study takes China’s upcoming entry into a deep aging and
“smart” society as the background and considers whether middle-aged
and elderly people can adapt and integrate into the “smart” society as
the entry point. The focus is on exploring the impact of smart city pilot
policies on the social adaptation and health of middle-aged and elderly
people. This serves as an important complementary study in this area.
These findings indicate that the smart city pilot policy has improved the
social adaptive health of middle-aged and elderly people by 0.6%. In

cities with relatively developed ICT technology, the impact of smart city
policy on improving the social adaptive health of middle-aged and
elderly people is not significant, which is contrary to the results of most
scholars from the perspective of the impact of Internet use on social
participation (Sun& Zhou, 2021; Q. Zhang& Li, 2022). This may be due
to the “ceiling” effect theory mentioned earlier. In addition, the impact
of smart city pilot policies on the social adaptive health of middle-aged
and elderly people varies depending on their education level and age.
Compared with the elderly population, the pilot policy of smart cities
can significantly improve the social adaptive health of middle-aged
people. This may be related to the internet usage and frequency of the
elderly population (Mariano et al., 2021).

6. Conclusion

Using the China Health and Retirement Longitudinal Study
(CHARLS) panel data from 2011 to 2015, this research investigated the
impact of China’s smart city pilot policy on the mental health and social
adaptive health of middle-aged and elderly people using the DID
method. The study found that (1) The pilot policy of smart cities has
increased the mental health and social adaptation health of middle -aged
and elderly people by 2.2% and 0.6%, respectively. (2) Mechanism
analysis shows that smart city pilot policies can improve the mental
health of middle-aged and elderly people through the use of ICT and the
enhancement of human capital. As for the social adaptive health of
middle-aged and elderly people, the pilot policy of smart cities can only
be improved through the enhancement of human capital. (3) Hetero-
geneity analysis shows that the impact of smart city pilot policies on the
mental health of middle-aged and elderly people is relatively similar
across different age groups and educational levels. However, the impact
of smart city pilot policies on the social adaptation health of middle-
aged and elderly people varies greatly among different age groups.
Compared with the elderly population, smart city pilot policies can
significantly improve the social adaptation health of middle-aged
people.
Based on the above results, this research puts forward the following

policy recommendations: firstly, deepen the construction of smart cities,
which can better play the role of smart city pilot policies in promoting
the health and welfare of middle-aged and elderly groups, especially
paying more attention to the middle-aged group. Compared with the
elderly population, the middle-aged group has greatly improved their
social adaptation health under the influence of smart cities. This helps
middle-aged and elderly people to adapt and integrate into a “smart”
life. Secondly, the construction of smart cities needs to focus on
improving the overall level of urban human capital. Local governments
can attract high-quality talents by providing comprehensive facilities
and corresponding policies, such as more convenient public service fa-
cilities and more comprehensive human resource incentive policies.
Finally, the construction of smart cities needs to increase the

Table 9
Mechanism test results.

MH SAH

(1) (2) (3) (4)

ICTcdid 0.069a 0.009
(3.77) (0.87)

HCcdid 0.013a 0.008c

(2.61) (1.68)
did 0.006 (0.70) − 0.075b 0.002 (0.43) − 0.038

(− 1.50)(-2.42)
ICT − 0.039a − 0.002

(− 0.22)(-2.64)
HC − 0.005a − 0.000

(− 0.37)(-3.47)
Constant − 0.322

(− 0.43)
2.144a − 0.492

(− 4.51)
− 0.058
(− 0.66)(3.48)

Observations 23,958 23,668 23,958 23,668
R-squared 0.697 0.647 0.590 0.591
Covariate YES YES YES YES
id FE YES YES YES YES
Year FE YES YES YES YES

Note: t-values in parentheses, clustered to individuals.
a p < 0.01.
b p < 0.05.
c p < 0.1. id and Year represent individual fixed effects and year fixed effects,
respectively.

Table 10
Impact of heterogeneity by age and educational level.

Less than junior high school Junior high school or above Age<60 Age≥60

(1) MH (2) SAH (3) MH (4) SAH (5) MH (6) SAH (7) MH (8) SAH

did 0.033a 0.002 0.019b 0.007 0.031a 0.008b 0.041a 0.004
(3.68) (0.72) (1.75) (1.02) (3.13) (1.65) (4.12) (0.80)

Constant − 0.065 − 0.264 0.431 − 0.675 − 0.487 − 0.834a − 1.853b − 0.560
(-0.08) (-2.58) (0.13) (-1.70) (-0.38) (-3.06) (-1.87) (-3.34)

Observations 16,053 16,053 7768 7768 9986 9986 12,575 12,575
R-squared 0.671 0.491 0.564 0.642 0.658 0.637 0.723 0.570
Covariate YES YES YES YES YES YES YES YES
id FE YES YES YES YES YES YES YES YES
Year FE YES YES YES YES YES YES YES YES

Note: t-values in parentheses, clustered to individuals; **p < 0.05.
a p < 0.01.
b p < 0.1; id and Year represent individual fixed effects and year fixed effects, respectively.
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opportunities for middle-aged and elderly people to access ICT. Espe-
cially, it is necessary to enhance the willingness and convenience of the
elderly population to use ICT, provide specific ICT service guidance for
the elderly, improve their digital skills, and ultimately enhance their
social adaptation health and mental health.
Although insights have been gained from this study, there are still

some limitations. Firstly, this article evaluates the impact of smart city
pilot policies on the social adaptation health and mental health of
middle-aged and elderly people using data from the China Health and
Retirement Longitudinal Study (CHARLS) from 2011 to 2015. With the
upcoming CHARLS updates and access to the latest data, future research
can providemore insights for evaluating policy impacts. Secondly, as the
smart city pilot was conducted in batches, some pilot cities were not
included in the CHARLS data and were excluded from this study.
Fortunately, the sample size for excluding data is relatively small. With
the expansion of the pilot scope, more comprehensive conclusions will
be provided on the impact assessment of social adaptation health and
mental health of middle-aged and elderly people in the future. Finally,
this study did not investigate the impact of county (district, city) level
administrative regions and the division of rural and urban areas on the
health of middle-aged and elderly people in China in the pilot of smart
cities. For example, matching the health of micro individuals in county-
level administrative regions in the smart city pilot programwith those in
the CHARLS database to explore the impact of smart city pilot policies
on the health of middle-aged and elderly people in different adminis-
trative regions. In addition, this study not only found that the pilot
policies for smart cities did not significantly improve the social adap-
tation health of middle-aged and elderly people through the use of ICT,
but also found that the methods for verifying the parallel trend hy-
pothesis need to be further studied, and these two parts should be
further explored in future research.
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