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Abstract: With the continuous improvement of medical testing and instrumentation engineering
technologies, the design, testing and development methods of in vitro diagnostic instruments are
developing rapidly. In vitro diagnostic instruments are also gradually developing into a class of
typical high-end medical equipment. The design of in vitro diagnostic instruments involves a variety
of medical diagnostic methods and biochemical, physical and other related technologies, and its
development process involves complex system engineering. This paper systematically organizes and
summarizes the design, testing and development methods of in vitro diagnostic instruments and
their development in recent years, focusing on summarizing the related technologies and core aspects
of the R&D process, and analyzes the development trend of the in vitro diagnostic instrument market.

Keywords: in vitro diagnostic instruments; design; testing and development methods; system
engineering; market trends

1. Introduction

In vitro diagnostic (IVD) instruments are the products that are used outside the human
body to obtain clinical diagnostic messages by testing human samples (various body
fluids, cells, tissue samples, etc.) and then determine disease or engine block function.
In vitro diagnostic instruments are known as the “doctor’s eyes” in the medical field
and are an important part of modern laboratory medicine [1,2]. The clinical application
of IVD instruments runs through the whole process of disease diagnosis and treatment,
including disease prevention, preliminary diagnosis, treatment plan selection and efficacy
evaluation, providing doctors with a large number of useful clinical diagnostic information
and increasingly becoming an important component of human disease diagnosis and
treatment [3,4].

In vitro diagnostic instruments, as a class of highly specialized instruments, need to be
designed and developed on the basis of medical laboratory science and in vitro diagnostic
methodology. With development in many fields, such as in vitro diagnostic methodology,
test-related technology, and instrumentation engineering technology, the design of in vitro
diagnostic equipment is becoming more fine-tuned and gradually entering advanced lev-
els of high-end medical equipment research and development. In vitro diagnostics can
be divided into biochemical diagnostics, immunodiagnostics, molecular diagnostics, mi-
crobiological diagnostics, blood diagnostics, point of care testing (POCT), etc. [5,6]. The
related technologies involved include electrochemical technology, spectroscopic technology,
chromatographic technology, mass spectrometry, electrophoresis, flow cytometry, labeled
immunology, molecular biology, biosensing technology, etc. [7-9]. There are many kinds of
in vitro diagnostic instruments, and the R&D process generally includes product project de-
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sign, product prototype development, product finalizer development, product acceptance
and other stages, each of which is based on certain rules.

This paper systematically organizes and summarizes the design, development, testing
methods and recent developments of in vitro diagnostic devices, focusing on the rele-
vant technologies and core aspects of the R&D process. Section 2 first introduces the
development process of in vitro diagnostic methods and in vitro diagnostic devices, then
summarizes and analyzes the related technologies and applications of in vitro diagnostic
devices, classifies and gives examples of in vitro diagnostic devices from the application
perspective, and finally focuses on the process of in vitro diagnostic device development
and its key aspects. Section 3 analyzes the market development trend of in vitro diagnostic
devices and introduces the key directions for future development. Section 4 provides a
preliminary discussion from the direction of in vitro diagnostic device technology devel-
opment. There are many kinds of in vitro diagnostic instruments, involving a huge range
of fields and knowledge, and the design, testing and development of technologies are
constantly evolving. It is impossible to provide a complete and detailed summary of the
whole scope of in vitro diagnostic device R&D; this paper is only a preliminary compilation
from one perspective.

2. Development of In Vitro Diagnostic Methods and Instruments

The design, testing and development of in vitro diagnostic instruments is based on
medical testing and in vitro diagnostic methodology. In vitro diagnostic equipment, as
systematic instruments that integrate testing and engineering, has a wide variety of types
and models, involving electrochemistry, spectroscopy, chromatography, mass spectrom-
etry, electrophoresis, flow cytometry, labeling immunology, molecular biology and other
disciplines, and can support a variety of testing programs [10]. Meanwhile, similar to
the R&D process of other types of comprehensive devices, the R&D of in vitro diagnostic
devices needs to go through key stages, such as product project design, prototype devel-
opment, product finalization and product acceptance, in addition to the clinical trials and
legal and regulatory processes required by the medical industry in particular. This section
will provide a systematic overview and summary of in vitro diagnostic methodological
advances, related technologies and applications, in vitro diagnostic device classification
and the R&D process.

2.1. Development of In Vitro Diagnostic Methodology

Along with the development of biochemistry, immunology, molecular biology and
other fields, the development of the in vitro diagnostic industry can be divided into
three stages.

Phase I: Before the 20th century, the invention of the microscope gave birth to the
traditional means of microbiological microscopy-based inspection [11].

Phase II: In the early 20th century, the development of modern medicine and the
discovery of enzyme-catalyzed reactions and antigen-antibody reactions laid the foun-
dation for biochemical and immunological diagnosis, and in vitro diagnosis gradually
emerged [12].

Phase III: After the 1950s, the use of technologies such as DNA double helix struc-
ture [13], monoclonal antibody technology [14] and giant molecule labeling technology [15]
propelled the leapfrog development of molecular diagnostics as well as the whole in vitro
diagnostic industry.

Phase III is the major development stage of core technologies in the in vitro diagnostics
industry. From 1950 to 1970, the in vitro diagnostic industry entered the development phase.
From 1970 to 1980, the industry entered a period of rapid development. Since 1980, new
techniques for in vitro diagnosis have gradually emerged. The evolution diagram is shown
in Figure 1.
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Figure 1. Historical development diagram of in vitro diagnostic industry.

According to different diagnostic principles and methods, in vitro diagnostic method-
ology can be divided into biochemical diagnosis, immunodiagnosis, molecular diagnosis,
microbiological diagnosis, blood diagnosis, POCT, etc. Table 1 collates the main current
in in vitro diagnostic methods, as well as the related principles, technologies and applica-

tion areas.

Table 1. Classification of the main methodology of in vitro diagnostics.

Method

Principle

Technology

Applications

Biochemical diagnosis

Test the sample based on
biochemical reaction

Dry Chemistry

Others

Biochemical testing in the clinical
emergency biochemical program
testing [16]

Blood test, urine test, liver function,
kidney function, etc. [17]

Immunization diagnosis

Immunology-based test using the
specific reaction of antigen and
antibody binding to each other

Immune colloidal gold technique

Latex turbidity
Chemiluminescence

Radioimmunoassay
Enzyme immunization

Fluorescence immunization
Time-resolved fluorescence

Hepatitis B, HIV, female pregnancy, drug
testing, etc. [18]

Specific body fluid protein testing [19]
Infectious disease, endocrine, tumor, drug,
blood group testing, etc. [20]

Hormone, trace protein, tumor marker
and drug trace substance testing [21]
Infectious disease, endocrine, tumor, drug,
blood group testing, etc. [22]

Bacteria, virus, skin activity testing [23]
Hormones, viral hepatitis, tumor testing,
etc. [24]

Molecular diagnosis

Test the changes of the structure
or expression levels of genetic
material in patients using
molecular biology methods

Polymerase Chain Reaction (PCR)
Fluorescence original position
crossbreeding

Gene chips

Gene sequencing

Bacteria, virus testing [25]
Genetic profiling, virus testing [26]

Drug screening, new drug development,
disease diagnosis, etc. [27]

Genetic mapping, Down'’s syndrome
screening, etc. [28]

Microbiological diagnosis

Test the types and numbers of
microorganisms by microscopy

Drug sensitivity test
Morphological observation
Automated microbiological
analysis

Laboratory diagnosis [29]
Bacteria, fungus testing [30]
Bacteria, fungus testing [31]

Blood diagnosis

Test the blood components such
as red blood cells, white blood
cells and hemoglobin

Smear and microscopy
Blood cell image analysis

Flow cytometry

Blood type testing [32]

Red blood cell, white blood cell, platelet
testing [33]

Lymphocyte subpopulation testing,
immunophenotyping, etc. [34]

POCT

Test the samples using portable
analytical instruments and
supporting reagents in the
sampling site

Point of care testing

Cardiovascular disease markers, metabolic
disease markers, coagulation
characteristics testing, etc. [35]
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2.2. Technologies Related to In Vitro Diagnostic Devices and Their Applications

Although there is a wide range of in vitro diagnostic instruments for clinical applica-
tions, the design and development of these instruments are always based on the generation
and development of related technologies. In vitro diagnostic equipment is based on clinical
and laboratory inspection methodology, combined with automation technology, optical
technology, electronic information technology, biological sensing technology, computer
technology, etc.; it gradually developed into systematic and engineered modern instru-
ments and equipment to meet the needs of clinical testing and medical services. This section
summarizes and analyzes the technologies and applications related to in vitro diagnostic
equipment commonly used at present.

2.2.1. Electrochemical Analysis Technology

Electrochemical analysis is an analytical technique in which a solution of a substance
to be measured is formed into a chemical cell, and the concentration of the substance
to be measured is converted into electrical parameters by measuring variables such as
potential, current, power and resistance of the cell, and thus detected. Electrochemical
analysis techniques can be divided into potential analysis, electrical conductivity analysis,
electrolysis analysis, electrical capacity analysis, Volt-Anne analysis and electrochemical
biological sensing unit techniques [36].

Most of the instruments used for electrolyte analysis, blood gas and acid-base anal-
ysis in clinical chemistry tests are based on electrochemical analysis techniques. Electro-
chemiluminescence immunoassay (ECLIA) is a new technique that combines a chemilumi-
nescent process caused by an electrochemical reaction with an immunoreactive process [37].
ECLIA has both the high sensitivity of luminescence detection and the high specificity of
immunoassay. Electrochemical automated immunoassay analyzers based on ECLIA tech-
nology have been widely used in clinical immunology tests involving the determination
of tumor markers, hormones, enzymes, antigens or antibodies, vitamins, cytokines and
various metabolites.

2.2.2. Spectrum Analysis Technology

The interaction between light and matter is a universal physical phenomenon in
nature. The technique to characterize and quantitatively examine a substance with the
help of the different wavelengths and intensities of the absorption, emission or scatter-
ing spectra produced when the interaction between these two occurs is called spectrum
analysis technology.

According to the way the spectra are generated, spectral analysis techniques can be di-
vided into three main categories: absorption spectrum analysis, emission spectrum analysis
and scattering spectrum analysis. In vitro diagnostic instruments using spectrum analysis
technology are relatively simple in structure, easy to operate and relatively sensitive in
method, and are widely used in clinical testing.

The molecular or atomic spectra obtained based on the molecular or atomic pair
selective absorption of a substance radiation energy are the absorption spectra. Absorption
spectrum analysis includes the ultraviolet-visible light spectrophotometric method, infrared
spectroscopy and atomic absorption spectrophotometric method. The ultraviolet-visible
light spectrophotometric method is mainly used for substances” quantitative examination,
such as serum inorganic phosphorus. The atomic absorption spectrophotometric method is
mainly used for the analytical determination of metal elements, such as the determination
of zinc, magnesium and copper content in blood [38].

The emission spectrum is the spectrum that occurs when a molecule, atom or ion of a
substance receives external energy, jumps from a ground state to a higher energy state, and
then returns from the higher energy state to the ground state. Emission spectrum analysis
technology involves the use of emission spectra for the characterization of substances
using quantitative examination. Fluorescence spectrophotometry is used more often in
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clinical tests; for example, the determination of vitamin content can be conducted using
fluorescence spectrophotometry [39].

When photons act on non-uniform dielectrics, the phenomenon of light scattering is
produced; the method to obtain the content of the substance to be measured by measuring
the intensity of diffused light is the scattering spectrum analysis method. When the
light from the light source passes through the sample to be measured, the antigen in
the sample and its specific antibody form an antigen-antibody complex, which increases
the solute particles and enhances light scattering, and the intensity of diffused light is
proportional to the content of the complex. Thus, the antigen content can be measured
from the change in diffused light intensity. Automated scattering turbidity analyzers based
on scattering turbidimetry are widely used in clinical applications, mainly for measuring
protein substances in the body, such as serum immunoglobulins, C-reactive proteins and
trace proteins in urine [40].

2.2.3. Chromatography Analysis Technology

Chromatography is a general term for a class of separation and analysis techniques
that are mainly used for the separation and analysis of complex multi-component mixtures.
Chromatography uses the difference partition factor between two phases of a mixture in
which the components are immiscible, while the components of the substance are separated
and then characterized or quantitatively measured.

There are many types of chromatographic methods; they can be divided into liquid
phase chromatography and gas chromatographic methods according to the nature of the
moving phase; adsorption chromatography, distribution chromatography, ion exchange
chromatography, etc. according to the separation principle; column chromatography
and planar chromatography according to the fixed phase state. The chromatographic
techniques commonly used in clinical tests have also become column chromatography
techniques. High performance liquid chromatography (HPLC) is based on the classical
chromatographic method by changing the moving phase to be delivered with high pressure
and filling the column with small particle-size packing, so that the column effect is greatly
improved, and the efficiency of the continuous detection of the effluent is increased by
connecting a high-sensitivity detecting device. HPLC is suitable for the separation and
purification of physiologically active giant molecule substances, such as proteins, enzymes,
hormones, monoamino acid, nucleic acids, etc. [41].

2.2.4. Mass Spectrum Analysis Technology

Mass spectrum (MS) are plots of charged atoms, molecules or molecular fragments
according to the magnitude series arrangement of the mass-to-charge ratio. The mass
spectrometer is a class of instruments capable of dissociating particles of matter into ions
and separating them according to their spatial location, temporal sequence or orbital
stability by an appropriate electric or magnetic field to achieve a mass-to-charge ratio, and
analyzing the substance after checking the intensity [42].

While mass spectrum is capable of qualitative analysis, it cannot analyze mixtures,
whereas chromatography is effective in separating mixtures; the combination of the two
allows for simultaneous separation and identification, thus giving rise to the mass spectrum
coupling technique. The current mass spectrometer is mainly available in the following
coupling methods: gas phase chromatography-mass spectrometry coupling technique [43],
liquid chromatography-mass spectrometry (LC-MS) coupling technique [44], tandem mass
spectrometry techniques [45], etc. Mass spectrometry is widely used in clinical medicine
because of its high analytical sensitivity, low sample consumption, fast analysis speed and
the ability to integrate separation and identification simultaneously.

When abnormal bone metabolism, diabetes, cardiovascular disease, tumors and other
diseases occur, vitamin D is reduced or deficient in different groups. The LC-MS technique
is highly specific and capable of measuring 25-(OH)D, and 25-(OH)Dj3 simultaneously; it is
considered as the gold standard for the detection of 25-(OH)D and is becoming increasingly
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common in clinical applications [46]. In addition, mass spectrum analysis technology is
widely used in some drug and doping tests.

2.2.5. Electrophoresis Analysis Technology

Electrophoresis is a phenomenon in which charged particles dispersed in a medium
move toward the positive pole of an electric field under the action of an electric field,
and positively charged particles move toward the negative pole of an electric field. The
technique of separating substances using the phenomenon of electrophoresis is called
electrophoresis analysis technology. Electrophoresis analysis techniques are mainly used for
the separation, identification and quantitative examination of proteins and nucleic acids [47].
Electrophoresis techniques can be divided into mobile interface electrophoresis, zonal
electrophoresis and steady-state electrophoresis, which can be further divided into two
categories according to the solid phase support medium: one is filter paper, acetyl cellulose
film electrophoresis, and the other is agarose gel, polyacrylamide gel electrophoresis.

The development and application of an isoelectric focusing cataphoresis meter, bi-
directional electrophoresis system, vertical electrophoresis system and fully automatic
electrophoresis analyzer have made the separation of electrophoretic zones increasingly
clear and easy to operate [48,49]. The commonly used horizontal electrophoresis analyzers
are mainly used for the analysis of serum proteins, hemoglobin, isoenzymes, etc.

2.2.6. Flow Cytometry Analysis Technology

Flow cytometry (FCM) combines lasers, fluid mechanics, computers and electronic
measurement techniques to achieve rapid and accurate cell measurements at the moving
phase. FCM can measure cell size, shape, nucleoplasm ratio, pigment content, cytoplasmic
granules, etc. [50,51]. After fluorescent dye cells, it can also measure nucleic acid content
in the nucleus, chromatin structure, cell surface antigen or sugar molecules, cytoskeleton,
etc. With the advantages of high sensitivity, hi resolution, high sorting purity, high repro-
ducibility and integrated analysis of multiparametric information, FCM provides rapid and
accurate quantitative examination and sorting of cells and their associated components.

In clinical immunoassays, FCM is mainly used to analyze and measure cell surface
antigens by examining differentiated antigens on the cell surface for lymphocyte subpopu-
lations, hematopoietic stem cells, antigen-presenting cells, etc. [52].

2.2.7. Labeled Immunization Analysis Technology

The labeled immunoassay technique is the basic technique of various clinical im-
munological assays, which refers to the labeling of antigens or antibodies with different
substances to give them a tracer function, and the specific reaction of antigen-antibody
to achieve the purpose of detecting the substances to be tested in clinical specimens. At
present, the main labeled immunological techniques for clinical immunological testing
include fluorescent immunological techniques [53], radioimmunological techniques [54],
enzyme immunological techniques [55], chemiluminescent immunological techniques [56]
and electrochemiluminescent immunological techniques [57], etc. The main labeling sub-
stances used as tracers are fluorescein, radionuclides, enzyme proteins, chemiluminescent
agents and electrochemiluminescent agents.

2.2.8. Molecular Biology Analysis Technology

Molecular biology analysis techniques have become one of the important techniques
in clinical testing for the detection of nucleic acids of various pathogenic microorganisms,
the detection of genes responsible for hereditary diseases, and the detection of some
disease-related genes and metabolite genes.

The most common molecular biology technique used in clinical testing is polymerase
chain reaction (PCR), a technique for amplifying genes in vitro [58]. Currently, the most
used in clinical test is the fluorescent quantitative PCR technique, which is able to perform
quantitative examination of target molecules [59], such as the quantitative determination of
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viral nucleic acids for hepatitis B and C, which is an important basis for disease diagnosis
and drug efficacy observation.

2.3. Classification of In Vitro Diagnostic Instruments

In vitro diagnostic products are mainly composed of diagnostic equipment and di-
agnostic reagents. Among them, in vitro diagnostic instruments belong to the category
of clinical testing and analysis instruments. There is a wide range of in vitro diagnos-
tic devices, covering almost all items of medical tests. Table 2 summarizes the current
classification of common in vitro diagnostic devices, as well as representative products.

Table 2. Classification of in vitro diagnostic instruments.

Classification

Representative Instruments

Hematology analysis instruments

Blood group analyzer, blood cell analyzer, blood cell morphology analyzer,
coagulation analyzer, platelet analyzer, blood flow analyzer, red blood cell
sedimentation analyzer, flow cytometry analyzer, etc. [60].

Biochemical analysis instruments

Electrolyte and blood gas analysis instruments

Biochemistry analyzer, blood glucose analyzer, etc. [61].
Electrolyte analyzer, blood gas analyzer, electrolyte blood gas analyzer,
electrolyte blood gas test electrode, etc. [62].

Immunoassay instruments

Enzyme-linked immunoassay analyzer, chemiluminescence immunoassay
analyzer, fluorescence immunoassay analyzer, immunochromatographic
analyzer, immunoblotter, immunoscattering turbidity analyzer, biochemical
immunoassay analyzer, etc. [63].

Molecular biology analysis instruments

Gene sequencer, sanger sequencer, nucleic acid amplification analyzer, nucleic
acid amplification instrument, nucleic acid molecular hybridization
instrument, etc. [64].

Microbiological analysis instruments

Microbial turbidimeter, microbial culture monitor, microbial drug sensitivity
culture monitor, microbial identification instrument (non-mass spectrometry),
microbial mass spectrometry identification instrument, microbial
identification drug sensitivity analyzer, bacterial endotoxin/fungal dextran
detector, H. pylori analyzer, etc. [65].

Scanning image analysis instruments

Medical microscopes, image scanners, image analyzers, etc. [66].

Radionuclide specimen determination instruments

Radioimmune y counting device, liquid scintillation counting device,
radioactive level scanning instrument, etc. [67].

Urine and other body fluid analysis instruments

Dry chemical urine analyzer, urine organic fraction analyzer, urine analyzer,

stool analyzer, sperm analyzer, reproductive tract secretion analyzer, other
body fluid analyzer, other body fluid morphology analyzer, etc. [68].

Other medical analysis instruments

Flow dot meter, minor element analyzer, mass spectrometry monitoring
system, liquid chromatography analyzer, chromatography column, osmotic
pressure assayer, circulating tumor cell analyzer, biochip analyzer,
cataphoresis meter, etc. [69].

Sampling instruments

Automatic sampler, sample processing and spiking system [70].

Sample pre-processing instruments for morphological analysis

Blood cell analysis sample pre-processor, pathology analysis sample
pre-processor, flow cytometry sample lyser, etc. [71].

Sample separation instruments

Medical centrifugal machine, nucleic acid extraction and purification
instrument, etc. [72].

Culture and incubation instruments

Medical culture/constant temperature oven, anaerobic incubator, incubator,
platelet shaker, etc. [73].

Inspection and other utility instruments

Automatic sample adding instrument, sample processing system, medical
cryogenic equipment, medical refrigeration equipment, medical freezing
equipment, etc. [74].

Medical bioprotective instruments

Biological safety cabinets, clean working bench, etc. [75].

2.4. Systematic Design, Testing and Development Process of In Vitro Diagnostic Instruments

Similar to the R&D process of other kinds of comprehensive instrumentation, the
design and development of in vitro diagnostic devices is also a systematic project. There
is no certain rule for product development, which needs to be planned according to the
specific in vitro diagnostic device and the characteristics of the R&D and production team.
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However, from the engineering perspective, the design, testing and development process of
in vitro diagnostic devices generally go through important stages, such as product project
design, product prototype development, product finalization and product acceptance.
In addition, due to the special characteristics of the medical industry, in vitro diagnostic
devices often have to go through clinical trials and evaluations, as well as relevant law and
regulation validation stages before they are put into production. This section will give an
overview of the R&D process of in vitro diagnostic devices.

2.4.1. Product Design
Overall Solution Design and Evaluation

According to policies and regulations, industry standards and regulatory documents,
the project manager should complete the overall scheme design of the product. This
generally includes product design requirements, test methods, test principles, product
structural components, product functional indicators, product performance index, product
main workflow, modular structure design, product cost budget, etc. If the product has
to enter other countries or regional markets, it needs to meet the requirements of local
regulations. Then, the relevant personnel review the overall plan, make comments or
suggestions for modification, and make continuous improvements.

Form Design and Evaluation

Based on the structural composition and size of each module, the structure, specifi-
cations and design style of the product shape are broadly determined. Good form design
can make the product dominant in the market, enhance the product’s comprehensive
competitive power, reduce production costs, and increase favor with customers. Therefore,
form evaluation is an indispensable part of the R&D process [76].

Software System Design and Evaluation

In order to give software developers, users, and testers a clear understanding of the
functions of the software, the software description should be as detailed as possible, in-
cluding the interface style, user requirements, description of the requirements of related
products, and the relationship between the software and total system interface, operating
environment, system functions, security requirements, etc. Among them, the software
architecture design mainly describes the type of software components and important func-
tional modules of system operation; software description documents need to be prepared
under the software and network security—related regulations, standards and technology
governing principles.

Hardware System Design and Evaluation

First, patent analysis is conducted to avoid patent disputes on design results based
on each module on issues such as the possibility of infringement, derivative patents, and
patentability of technological achievement. Next, the development of the hardware system
technical specification instruction manual is carried out, including a detailed description
the composition of the hardware system, the requirements of the system development, the
main technical indicators, the demand analysis of the hardware, the layout structure of each
module, the design of the interface with the computer, etc. Then, the relevant personnel
review the technical specification instruction manual, make comments or suggestions for
modification, and then continuously improve it, entering the next process after the review
is passed.

Core Module Design and Evaluation

The following are developed: the core module technical specification instruction
manual, a detailed description the structure of the module design, the software support
required, the functions to be implemented, the performance index and the operating
environment required to form the core module design plan. Then, the relevant personnel
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review the module project design, make comments or suggestions for modification, and
then continuously improve it, proceeding to the next process after the review is passed [77].

2.4.2. Product Prototype Development
Hardware System Detailed Design and Evaluation

First, the basic modular structure of the product and the approximate size of each
module are determined in order to realize the function and performance of the product.
Next, the software that the system depends on to run is determined, including the executive
system, interface software and the approximate size of each module. Then, a detailed design
and confirmation of mechanical drawings, circuit boards, and tools such as the software
used and their version numbers are established.

The detailed design of the hardware system needs to be completed as follows. (1) Elec-
trical structure design: determine the number of selected control components and their
parameters, and how the modules fit together. (2) Physical construction design: determine
how to match mechanical parts and installation according to the size of electrical com-
ponents. (3) Functional structure design: determine the parameter selection. (4) Device
selection: according to the parameters in the component manual, determine the device
model; or according to the design of mainstream models, under the premise of achieving
the same function, select the largest sales volume and sufficient supply of components.
(5) Draw the printed circuit board: according to the circuit function needs, design the
schematic drawing and then design the printed circuit board diagram. (6) Hardware sys-
tem detailed design review: the relevant personnel should review the hardware system
detailed design, make changes or suggestions, and then continue to improve, with the
review passed into the next process.

Software System Detailed Design and Evaluation

The detailed design of the software system needs to specify the main business require-
ments, inputs, outputs, main functions, performance index and operating environment of
the software system; the language, tools, and methods used for software development and
the names, full versions, and suppliers of the said supporting and application software need
to be determined. At the same time, the number of R&D staff, development time, workload
and total number of lines of code need to be clarified, the level of software security needs
to be specified, and the reasons for the determination need to be detailed.

The software life cycle is divided into five phases, namely requirements analysis,
design, coding, testing and maintenance. The following core points need to be completed
for the detailed design of the device system. (1) System hardware topology: provide a
physical topology diagram based on software design specification and describe the physical
connection relationship between software or component modules, multi-purpose computer,
and medical device hardware. (2) System structural drawing: Represent the relationship
between the component modules and between the component modules and peripheral
interface using the structural drawing and describe the functions, module relationships and
peripheral interface of the component modules based on the system structural drawing.
(3) User interface relationship diagram: describe the relationship between the user interface,
based on the user interface relationship diagram, to describe the functions and module
relationships of the software system, in the form of a diagram listing the relationship
between each module within the system. (4) Core algorithm: describe the calculation
formula and specific calculation steps used in the core algorithm. (5) The process logic, in
the form of the process flow diagram, shows the logical flow of the realization program.
(6) Operating environment: specify the hardware configuration, software environment and
network conditions required for software operation, including hardware configuration
(including processor, memory and peripheral devices), software environment (including
system software, support software and security software), and network conditions (in-
cluding network architecture, network type (WAN, LAN, personal domain network) and
bandwidth). (7) Interface: describe the interface relationship between the upper-level
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modules and lower-level modules related to this program. (8) Contraindications: use
stand-alone software to describe the software contraindications or service restriction, soft-
ware components to describe the contraindications of medical device products or service
restrictions, and imported medical device software to describe the country of origin.

Design Engineering

Design engineering is the activity process of expressing a design plan, including plan-
ning and vision, in physical form [78]. (1) Electrical and optical module design. The printed
wiring board is made from the electrical schematic drawing. The electrical schematic
drawing is mainly based on the electrical performance of each component for reasonable
construction, through which the diagram can accurately reflect the important functions
of the printed wiring board, as well as the relationship between the various components.
After the electrical schematic drawing design is completed, the individual components
selected are then packaged by the drawing software to generate and realize a grid with the
same appearance and size of the components. The individual components are then placed
according to the size of the printed wiring board; when placing the components, it is neces-
sary to ensure that the leads of the individual components do not cross. While carrying out
the design of the wiring diagram, first draw the wiring floor plan according to the electrical
schematic drawing; then, determine the placement of the electrical components according
to floor plan and assemble the circuit board and other components into modules according
to design drawing. (2) Module validation. According to the functions and performance
index that each module can achieve at this stage, the design engineer prepares the module
validation plan; the test engineer carries out the validation according to the validation
plan, and issues the validation report after the validation. (3) Electrical and optical module
design review. The relevant personnel review the electrical and optical module design, put
forward modification comments or suggestions, and then continuously improve it, entering
the next process after the review is passed. (4) Mechanical and hydraulic circuit module
design. First, determine the components according to the design, then process or purchase
the components according to the drawing and assemble them into modules according
to design drawing. (5) Module validation. According to the functions and performance
index that each module can achieve at this stage, the design engineer prepares the module
validation scheme; the test engineer carries out the validation according to the validation
scheme and issues the validation report after the validation. (6) Mechanical and liquid
circuit module design review. Relevant personnel review the mechanical and liquid circuit
module design, put forward modification opinions or suggestions, and then continuously
improve it, entering the next process after the review is passed.

Whole Instrument Design and Verification

Carry out assembly coupling and functional verification of the whole machine. (1) Whole
instrument assembly. According to the assembled electrical module, optical module,
mechanical module and hydraulic module, install into the whole machine according to
the drawing requirements. (2) The initial adjustment is made before powering on. Before
powering on the whole machine, check the relative position of each module again according
to the requirements of the drawings to avoid collision and interference after powering
on. For example, check whether the internal assembly wiring is correct and wiring is
reasonable, whether the fasteners are firmly installed, whether the moving parts are flexible
in rotation, etc. (3) Whole machine function and performance verification. According to
the functions and performance index that can be achieved by the product at this stage, the
design engineer prepares the preliminary verification plan for the whole machine, and the
test engineer carries out verification according to the preliminary verification plan, and
issues a verification report after verification. (4) Electrical safety verification. According to
the requirements of regulations and national standards, the electrical safety of the whole
machine is verified. (5) Environmental adaptability verification. Verify that the product
meets the environmental requirements of the design input, including climate environmental
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baseline and mechanical environmental baseline. (6) Electromagnetic compatibility (EMC)
verification. According to the requirements of regulations and national standards, the EMC
of the whole machine is verified. (7) Whole machine review. Relevant personnel review the
safety and effectiveness that should be achieved at this stage of the whole machine, put
forward modification opinions or suggestions, and then continuously improve it, entering
the next process after the review is passed [79,80].

2.4.3. Product Finalization Development
Module Improvement and Mold Development

Engineer the mold to improve it according to the finalized design structure. Carry out
packaging and label design as well as packing container and accessory case design, and
refine module process documentation. The test engineer prepares test cases based on the
functions and performance of each module of the instrument, which translates the behavior
of software testing into manageable patterns and also quantifies the testing work. A list of
key components is prepared, and the test engineer implements the test according to the
raw material.

Module Validation

According to the generated BOM list and progress plan, the procurement department
purchases small quantities of raw material. According to the functions realized by each
module and performance index, the design engineer improves the module validation
scheme. According to the developed validation scheme, test engineers implement the
validation and make relevant records. According to the comments or suggestions made by
experts during the module review, the modules are improved, and the technical documents
are updated.

Whole Instrument Improvement

Develop the whole instrument initial inspection, commissioning and aging standards.
According to the experience accumulated during the operation of the whole machine
preliminary inspection and whole machine aging and the requirements of design, prepare
the whole machine preliminary inspection and whole machine aging standards to guide
production. According to the product assembly, design engineers should inspect the key
main base, design each key main base required for tooling and inspection, and follow
inspection acceptance criteria and instructions for use; if software is involved, the code
should be unified for archiving.

Whole Instrument Validation

Validation of the overall functionality and performance of the developed medical
device products. (1) Develop the whole machine verification program: According to
the whole machine function and performance index, design engineers should improve
the whole machine verification program, which includes the whole machine function
verification program, the whole machine performance verification program, the whole
machine reliability verification program and the whole machine type verification program.
(2) Implementation of verification: According to the developed verification program, test
engineers should implement verification and make relevant records. (3) Initial inspection
of the whole machine: check the tightness of the installation of the whole machine, as
well as the relative position of each independent component and module. (4) Whole
machine aging: After the completion of the product assembly and commissioning, the
whole machine will be continuously energized for a period of time (depending on the
product and time) according to the requirements specified in the process documents, with
the purpose of discovering and eliminating the early failure of electronic components
through aging, as well as improving the working reliability of electronic equipment and
service limits, while stabilizing the whole machine parameters and ensuring the quality of
commissioning. In general, the whole machine is considered according to the following
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aspects of power-up aging: temperature, cycle period, accumulation time, test times, test
blanking time, etc. (5) Whole machine debugging: after the debugging of qualified modules
assembled into the whole machine, the cooperation between the modules cannot all be in
the best state and meet the technical indicators of the whole machine; thus, it is necessary to
adjust the relative position of the modules and the tolerance clearance to the size required
by the drawings of the whole machine, so that the work associated with each component
is in the best state of cooperation. (6) Machine performance inspection: In order to verify
whether the instrument can reach industry standards or product technical requirements
of the performance index, and to determine whether there are performance bottlenecks in
the software system and then optimize the software, the machine performance inspection
is one of the most critical links. Item inspection should be in accordance with industry
standards or product technical requirements of the performance index item. (7) Software
testing: different testing software tools can be written as needed and then used to analyze
and evaluate the possible problems of the test program [81,82].

2.4.4. Product Receiving Inspection

After completing the design and development of medical device products, we conduct
the final acceptance of the products and carry out clinical evaluation and other work as
needed. (1) Develop the whole machine verification program: Supplement the whole
machine verification program for the changed design structure. (2) Implementation of
verification: According to the developed verification scheme, test engineers implement
verification and make relevant records. (3) Clinical applicability evaluation: Medical device
products are intended for clinical application, so it is necessary to analyze and evaluate
whether the design meets clinical requirements before the product is marketed. Clinical
performance and safety data (including favorable and unfavorable data) collected during
the clinical evaluation should be included in the analysis. The depth and breadth of the
clinical evaluation, the type of data needed and data volume should be appropriate to the
design characteristics, gordian technique, scope of application and degree of risk of the
product, and also to the level and extent of nonclinical studies. The clinical evaluation
should confirm the scope of application of the product (such as the applicable population,
application site, contact mode with human body, indications, degree and stage of disease,
service requirement, service environment, etc.), method of application, contraindications,
precautions, warnings and other clinical use information.

3. Market Trends of In Vitro Diagnostic Instruments

In recent years, the in vitro diagnostic market has maintained rapid growth. With the
continuous improvement of living standards, people’s demand for health is also increasing
day by day, and in vitro diagnostics as an important means of disease diagnosis have
also gained rapid development. In recent years, many countries have vigorously pushed
forward the reform of the medical system, abolishing the markup of drugs and consumables,
and a series of hospital reform policies, such as medical insurance cost control as well as
controlling the consumption ratio and drug ratio, have been introduced [83]. Hospitals,
as an economy, have been devoting more attention to medical services and diagnostic
departments to compensate for the loss of their revenue from drugs and consumables, and
medical services and in vitro diagnostics will develop rapidly in this and other aspects.

The three key directions for the future of the in vitro diagnostics industry are as follows.

3.1. Chemiluminescence

Immunodiagnostics is the largest segment in the in vitro diagnostic market, accounting
for about 40% market share. With the continuous development and progress of technology,
the low-end immunodiagnostic field has achieved better results, but the high-end immun-
odiagnostic field is still monopolized by several giant companies, the most representative
of which is the chemiluminescence field. At present, chemiluminescence has replaced
enzyme-linked immunoassay as the mainstream immunodiagnostic method; the market
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size has reached more than 70% of the total immunodiagnostic market and is basically
monopolized by the leading companies. In the future, with the breakthrough of key core
technologies and the introduction of advanced technologies, coupled with the support of
policies to encourage innovation, important breakthroughs will be made in the field of
chemiluminescence, which is expected to gradually realize leapfrog development in the
field of high-end immunodiagnostics [84-87].

3.2. Gene Sequencing

Molecular diagnostics are in their infancy, with a low market concentration and small
scale; however, the growth rate is high, leading the in vitro diagnostics industry with a
growth rate of over 25%. As the most cutting-edge technology in life sciences, molecular
diagnostics have been widely used in prenatal screening, infectious diseases, tumors and
other fields. The development time of molecular diagnostic technology is relatively short,
and the gap between the technical levels of related enterprises is relatively small, especially
in the field of gene sequencing, where many excellent and innovative enterprises have
emerged. Benefiting from the development trend of precision medicine and the continuous
upgrading of molecular diagnostics technology, molecular diagnostics will continue to
grow rapidly in the future, and gene sequencing, which is at the forefront of molecular
diagnostics, will also become the main battlefield for high-quality enterprises [26-28].

3.3. POCT

POCT has many advantages, such as small space, ease of use, high efficiency and high
accuracy, generally low price and so on. POCT is of great significance for disease prevention,
by determining cause and prognosis, improving treatment effectiveness and reducing
medical costs, and can meet the clinical testing needs of various medical institutions at
all levels [88,89]. Especially in the time of vigorously promoting graded treatment and
third party testing, low-cost, high-efficiency POCT products are more attractive for primary
health care institutions and third party testing institutions. At present, the overall POCT
market size is not large, but the development is fast; with the implementation of the
graded treatment policy, the POCT market will develop rapidly, and the first layout of the
enterprise with the policy and cost advantages will also usher in further development [90].

Enterprises can effectively enhance competitive power by occupying a reasonable
position in the industry chain. The in vitro diagnostic industry mainly consists of upstream
(electronic components, diagnostic enzymes, antigens, antibodies and other raw materials),
midstream (diagnostic equipment, diagnostic reagents) and downstream (hospital testing
departments, medical examination centers, independent laboratories, epidemic prevention
stations, etc.). The upstream raw material market, midstream high-end diagnostic market
and downstream large hospital market are dominated by leading enterprises; upstream
raw material is especially monopolized by large enterprises, resulting in difficulties for
other enterprises, which can only participate in the fierce competition in the middle and
low-end market; even if progress is made in a certain segment, it cannot be well translated
into overall advantages [91-93].

In recent years, this situation gradually began to improve; as innovation and import
substitution policies continue to be introduced, innovative enterprises have strengthened
the layout of the industry chain and R & D investment and made good progress in the
upper, middle and lower reaches. Therefore, specialization and scale becomes the best
choice for enterprises for breakthrough development.

4. Discussion

The most prominent sign of the development of medical diagnostic science is the
automation of medical tests in place of traditional manual operation; manual analysis
and determination has low precision, is slow, and is difficult to standardize, among other
shortcomings. Among them, especially the design and development of in vitro diagnostic
instruments and clinical applications are the most important, and are of great significance



Processes 2023, 11, 403

14 of 19

to the development of clinical testing technology and modern medicine. The technical
principles of most of the common clinical automated in vitro diagnostic instruments are
based on traditional experimental techniques, such as electrochemical techniques, spectro-
scopic techniques, chromatographic techniques, mass spectrometry, electrophoresis, flow
cytometry, labeled immunology, molecular biology, biosensing, etc. [94,95].

The development process of in vitro diagnostic equipment reflects the characteristics
of semi-automation, automation, integration, miniaturization, high throughput and intel-
ligence, which decreases the cost of testing and improves the precision and accuracy of
analysis and measurement comprehensively, meeting the needs of different clinical and
patient situations. In vitro diagnostic instruments can be used for common hematological
analysis, urine analysis, biochemical analysis, immunological analysis, cellular immune
function analysis, blood group identification, microbial culture and identification, molecu-
lar biology testing, etc., covering almost all the specialties and most of the testing items
of clinical testing laboratories and thus becoming an important tool of modern medical
testing [96].

There is a wide variety of in vitro diagnostic devices, and the R&D process cannot be
defined by a fixed set of specifications. However, there is a set of referable processes for the
design, testing and development of in vitro diagnostic devices for reference by integrating
theoretical and technical concepts such as medical test methodology and engineering. In
general, the design and development of in vitro diagnostic devices have to go through
the stages of product project design, product prototype development, product finalization
and product acceptance, and some instruments have to go through more complicated
testing processes such as clinical application evaluation, which involve disciplines such as
mechanics, electronics, optics, computer science, biochemistry, etc. [97-99]. In the process
of testing and verification, experimental science, engineering, testing science, laws and
regulations are involved. The process of marketing is influenced by many factors. It can
be said that the success of an in vitro diagnostic device is much more than the success
of design and development; it also needs to withstand clinical application and market
testing [100,101].

5. Conclusions

This paper provided a systematic overview and summary of the methods and related
advances in the design, testing and development of in vitro diagnostic instruments. The
development of in vitro diagnostic instruments is based on the development of medical test
methodology. At the same time, the design, testing and development of in vitro diagnostic
instruments is a multidisciplinary intersection of complex systems engineering, which
requires the integration of engineering and technology methods from many fields, such
as mechanics, electronics, optics, inspection, computer science and controls, and has high
requirements for materials, processes and protocols in processing and production. The
R&D process generally includes product project design, product prototype development,
product finalization and product acceptance stages. This paper summarizes and outlines
the tasks and considerations to be accomplished in these important stages. In addition,
this paper analyzes the development trend of the in vitro diagnostic device market and
proposes potential hotspots in product development and marketing in the future.
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