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Purpose: To design and develop a blood collection management workstation with high usability to reduce the risk of preanalytical 
errors and improve patient safety.
Methods: A five-phase mobile application development lifecycle model (MADLC) and experience-based co-design (EBCD) were 
used for design and development. Subsequently, the blood collection management workstation was evaluated using the Chinese 
System Usability Scale (SUS) in a general ward setting from January to June 2021.
Results: It was used on 2593 in-patients who underwent phlebotomy with 12,378 tubes being labeled. The rate of errors and meantime 
for blood sampling were decreased compared with the same period in the previous year. A total of 14 nurses agreed to participate in 
the evaluation, and the overall raw SUS score was 69.26 ± 10.39, which indicated above average results.
Conclusion: The blood collection management workstation has shown the potential to decrease errors and improve working 
efficiency in a clinical setting. The study also identified some weaknesses, which will be amended in the future.
Keywords: patient safety, identification, pre-analytical phase, phlebotomy, technology

Introduction
Biological specimens play an irreplaceable role in the diagnosis, assessment, and monitoring of disease in precision 
medicine.1 Specimens’ quality and accreditation are of great significance to ensure reliable results and also promote 
patient safety. Despite evidence of highly accurate test results, many hurdles remain to be overcome.2 Experts and 
scholars gradually reached a consensus that unqualified or inappropriate specimens were mainly generated from the pre- 
analytical phase (PRE),3,4 which encompassed all procedures from the clinician’s request to the laboratory.5 It was 
reported that PRE accounted for 46% to 84.5% of total errors, and a high error rate (18.5–47%) was found in the PRE.6 

Venous blood sampling (phlebotomy) is the most common invasive procedure performed in patient care and the most 
common source of preanalytical variability.4 Therefore, it is essential to raise awareness and take immediate improve-
ments to manage it in the PRE.7

Although commonly considered as a simple clinical practice, the standard procedure of a phlebotomy is complex and 
contains up to 15 steps in the PRE,8 from the initial preparing to sending the properly labeled blood collection tubes to 
the appropriate laboratories.9 A study conducted in 12 European countries by the European Federation of Clinical 
Chemistry and Laboratory Medicine Working Group for the Preanalytical Phase (EFLM WG-PRE) found that the highest 
risk steps during a phlebotomy in the PRE were patient identification and subsequent tube labeling.10,11 Medical errors 
have been considered as the third leading cause of death in the United States, and identification errors are prominent.12 

Improper identification leads to delayed diagnoses and treatments, additional tests and costs, or even severe transfusion 
reactions that threaten life. Since 2002, the Joint Commission named improving the accuracy of patient identification as 
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the first of its National Patient Safety Goals.13 There is room for improvement, and harmonization of the preanalytical 
step is necessary.

Recently, emerging innovative technologies, such as barcodes, radio frequency identification (RFID) chips, and even 
fingerprints,14 have shown a promising scenario for nurses, which could improve patient safety and nursing 
efficiency.15,16 Besides, at the hospital level, it was demonstrated that information construction levels had a large impact 
on the performance of caring quality.17 Automation and standard protocols in the PRE are fundamental to support or 
extend clinical nursing.18 Nevertheless, in each health system, there may be different workloads, competencies, and job 
specifications.19 Thus, a tailor-made management process and technology assists are necessary in each context. In this 
study, we aimed to design and develop a blood collection management workstation to improve phlebotomy efficiency and 
decrease identification errors in the general wards.

Methods
Design and Management Part
Design
The blood collection management workstation was designed and developed under the guidance of the five phases of the 
mobile application development lifecycle model (MADLC),20 which brought out a six-step lifecycle (Identification, Design, 
Development, Prototyping, Testing, and Maintenance) for software development. This method has been previously used to 
develop a mobile application for student-teacher cooperation.21 In addition, the experience-based co-design, which empha-
sized the cooperative relationships between end-users and researchers,22 was applied to design a user-centered tool. All 
stakeholders, which included designers from the hospital’s department of medical informatics, clinical nurses, nursing 
assistants, and managers, participated in the design and development process by gathering their responses and suggestions.23 

The Strengthening the Reporting of Observational Studies in Epidemiology (STROBE)24 guidelines were followed. The 
Ethics Committee of the First Affiliated Hospital of Chongqing Medical University where the current study took place 
reviewed and approved the study (Approval No. 20211001). All participants provided written informed consent.

Methodology
In the identification phase (I), ideas were collected from existing literature and guidelines. Using techniques before and 
during the process of venous blood was recognized as best practice,25,26 and recommended by the EFLM.27 Thus, there 
was a need to design a novel system for phlebotomy. In the design phase (II), the expected functions were collected, 
discussed, and identified. The architecture of the system was created, and the prototypes and related modules were 
initially defined by software developers. In the development phase (III), different prototypes and similar modules were 
coded and integrated. In the prototyping phase (IV), the required functions were tested and analyzed, and continued 
changes were implemented according to the feedback of the interactions between the designers and related users. The 
testing phase (VI) was the most important stage of development. The prototype’s suitability, feasibility, and usability 
were assessed in the laboratory and subsequently evaluated in a general ward setting after the protocol was reviewed and 
approved by the hospital’s research ethics committee.

Data Collection and Analysis
The raw data of the time for blood sampling (referred to the procedure from patient identification to sample checkout) 
and reported errors were collected directly from the blood collection management workstation and Hospital Information 
System (HIS). The rate and meantime were provided to assess the difference in the performance of a phlebotomy with the 
same period in the previous year (from January to June 2020).

Evaluation Part
Design
This descriptive study had two measurement points in one department. The blood collection management workstation 
was applied in the Department of Neurology to evaluate its performance in general ward settings from January to 
June 2021. Mixed-methods were applied to evaluate its usability.
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Methods
Setting 
The department was selected via convenience sampling, with 208 beds, and was divided into three wards (two general 
units and one intensive care unit). The department was a large, national key clinical specialty, and provincial key 
laboratory of neurobiology as well as focused on basic and clinical research of cerebrovascular diseases, epilepsy, central 
nervous system infections, and neurodegenerative diseases. It was estimated that the annual number of hospitalized 
patients was more than 7000. In this study, two workstations were installed in two general wards and the eight most used 
types of serum separating tubes were applied.

Participants 
A total of 18 registered nurses from in two general wards participated. The fixed staff allocations were 13 for the day 
shift, two for the night shift, two for the overnight shift, and one for the emergency shift. Those who could correctly 
understand the contents of the questionnaire and had used the blood collection management workstation were included in 
the investigation.

Tools 
Usability, recognized as a key indicator of application performance, has been included in the evaluation criteria or 
guidance documents for health applications or digital tools by many industries or organizations.28–30 It referred to the 
extent to which the system, product, or service could be used effectively, efficiently, and satisfactorily by target users to 
achieve specific goals in a specific use environment.31 Presently, methods are used to evaluate the usability of application 
programs. Among these, the System Usability Scale (SUS)32 is most widely used.33 In this study, the Chinese System 
Usability Scale34 was applied, which including 10 items. The content validity and Cronbach’s α were 0.83 and 0.81, 
respectively.

Responses were scored on a 5-point Likert scale, with a score of 1 for completely disagree and 5 for completely 
agree. For odd numbers items, the score contribution was the scale position minus 1. For even numbers items, the score 
contribution was 5 minus the scale position. The overall SUS score contribution was the sum of the scores of each item 
multiplied by 2.5, which ranged from 0 (very poor perceived usability) to 100 (excellent perceived usability). According 
to Usability.gov (https://measuringu.com/interpret-sus-score/, accessed on 10 September 2021), a raw SUS score above 
68 was above average.35 Moreover, after the scale, there was an open-ended question that asked the limitations of the 
blood collection platform. This method had been previously applied in designing a bed-cleaning mobile application by 
Hung et al.36

Data Collection and Analysis
Data were distributed electronically via a free questionnaire website (https://www.wjx.cn/). The link to the questionnaire 
along with posters that promoted the study was sent to all the participants. To ensure the quality of the study, each IP 
address was only allowed to submit once after all the questions had been completed. SPSS version 26.0 was used to 
analyze the data. Averages, standard deviations, minimum and maximum scores, and percentiles were used for 
descriptive statistics. Content analysis was conducted on the answers to the open-ended question.

Results
Characterization of the Workstation
The blood collection management workstation was a moveable tool used for the patients or at any phlebotomy point for 
patient identification, tube labeling, and sample management in the pre-analytical phase. It mainly consisted of six 
components, such as the color touch screen display interface, label print port, exit and entrance of tubes, storage, and sorting 
drawers. An overview of the workstation is shown in Figure 1. In addition, the blood collection management workstation was 
a closed system linked to the Hospital Information System (HIS), nurse station, and Laboratory Information System (LIS). It 
could identify patients and their required tests by Radio Frequency Identification Devices (RFID) and barcode reading 
technologies, provide automatically print and label tubes tasks, and support instant record and upload data. Moreover, the 
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tool also required face recognition to confirm the practice qualification and ensure the safety of the transfer process. In 
general, these technologies effectively shortened the workflow. The key workflows are shown in Figure 2.

Management of the Workstation
The blood collection management workstation was used for 2593 in-patients who underwent a phlebotomy with 12,378 
tubes labeled from January to June 2021. The rate of errors and meantime for blood sampling were decreased compared 
with the same period in the previous year, as shown in Table 1.

Evaluation of the Workstation
A total of 14 nurses agreed to participate in the evaluation. All participants were female, with an average age of 33.07±4.38 
years and an average job tenure of 12.71±7.77 years. Most (12, 85.71%) participants had a bachelor’s degree. The overall 

Figure 1 An overview of the blood collection management workstation.

Figure 2 The key workflows of the blood collection management workstation.
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raw SUS score was (69.26±10.39), which indicated an above average score. The items with the positive response were “I 
think that I would like to use this system frequently”, “I would imagine that most people would learn to use this system very 
quickly”, and “I felt very confident using the system.” The item that had the most negative response was “I thought there was 
too much inconsistency in this system.” Feedback from the open-ended question indicated that respondents were generally 
satisfied with the system; however, some weaknesses existed and were required to be amended in the future. These mainly 
included: (a) limited types of tubes that could not meet the clinical need and (b) system-related errors, sometimes tube could 
not move forward normally (device failure) and had problems in HIS communication.

Discussion
Phlebotomy, a common procedure performed during hospital care, contains multiple steps, and is recognized as a great 
contributor to pre-analytical phase errors, which depends on correct identification and labeling.37 A specimen’s quality 
and accreditation depends on multiple phlebotomy processes, in which many steps are undertaken on an exclusively 
manual basis. Those potential human-related factors pose great challenges to patient safety, and the COVID-19 pandemic 
has made the shortage of health workers particularly worse.38 Recently, the use of emerging technology (artificial 
intelligence, the Internet of things, information and communications technology, simulation technology, and e-learning) 
have shed light on patient safety and nursing management.39,40 In this study, inspired by this concept, we designed and 
developed a blood collection management workstation with high usability to reduce the risk of preanalytical errors and 
improve patient safety.

Our results showed that the blood collection management workstation decreased the rate of errors and meantime for 
blood sampling when compared with the same period in the previous year, which implied that it may be an important tool 
for ensuring patient safety and enhancing efficiency in the pre-analytical process. These results were consistent with 
another innovative device named ProTube.41 In contrast, technology was instrumental in pre-analytical error reduction.42 

In our study, we used the RFID, barcode reading, and facial recognition technologies in the labeling, and to support 
nurses in preparing, delivering, documenting, and reviewing procedures, which ensured optimized traceability and also 
improved workflow to reduce turnaround time. Similar studies also reported positive results. A study observed significant 
decrease in specimen-labeling errors after application of the RFID to an endoscopy unit.43 Gutierrez et al reported a 83% 
and 10% reduction in process errors and labor expenses within a payback period of 2.5 years after using the RFID system 
in blood products tracking, respectively.44

In contrast, the introduction of semi- or full automation was not meant to replace nurses; however, support their 
specialized skills and release burden.45 Some studies reported that the lack of knowledge of the practice (doctors or 
nurses) in several parts of the phlebotomy process was also the leading cause of error in the pre-analytical phase.46,47 

Another national study revealed that the knowledge on phlebotomy among Chinese nurses was unsatisfactory in some 
areas.48 Thus, although innovative technology is required, standardized phlebotomy education programs were also 
highlighted. Furthermore, nurse shortage, brain drain, and the lack of career advancement were persistent issues in 
China and other middle- and low-income countries.49 Thus, emerging technologies could be leveraged to support 
professional health workers or non-specialists to increase workforce capacity for existing health systems in low- 
resource settings.

Table 1 Comparison of the Rate of Errors and Meantime for Blood Sampling

Items 2020 Jan.–Jun. (n=13,435) 2021 Jan.–Jun. (n=12,378)

The rate of errors
Labeling error 34/13,435 (0.253%) 2/12,378 (0.016%)

Identify error 8/13,435 (0.059%) 1/12,378 (0.008%)

Samples lost 7/13,435 (0.052%) 2/12,378 (0.016%)
Meantime for blood sampling (min/ per tube) 1.79±0.46 1.36±0.35
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The results of the system’s evaluation were encouraging. The overall raw SUS score was (69.26±10.39), which 
indicated an above average score. Scholars reported that usability was an essential element for system development and 
eventual acceptance by target users, such as patients and healthcare workers. Furthermore, it should be used to guide the 
development of applications in the health field.33 However, we also identified some weaknesses. The item “I thought 
there was too much inconsistency in this system” had the lowest score, and participants repeatedly mentioned that the 
types of the tubes were limited. Due to the variety of tubes manufacturer and development of manufacturers, up to 25 
different types of tubes are used in the clinical setting. Although only eight of the most used types of serum separating 
tubes were included, further modification of the system is still required. Besides, our study only included female nurses 
with bachelor ‘s degree from one comprehensive hospital, which may create certain bias. A study investigated the 
physicians’ gender and their performance on electronic health records and showed that females reported a significant 
higher level of SUS scores50 compared to males. In addition, education level, age, and working experience were also 
factors that influenced the SUS scores.51 Thus, understanding the feedback from different stakeholders is necessary to 
continually improve the blood collection management workstation.

Overall, this study has some limitations. First, the blood collection management workstations were only applied in 
one department for half a year. Thus, additional data are required to further increase multiplicity and enhance conclusion 
consistency. Second, the participants in the system evaluation part were all female nurses, which may result in bias. 
Future studies should include more users. Third, this was the first system designed for pre-analytical phase management 
in a general department setting. Although the system was developed through multi-iterative process, both inter- and intra- 
rater reliabilities and usability assessments of the products is required before public use.

Implications for Policy, Practice, and Research
Phlebotomy management in the pre-analytical phase is of great significance to patient safety. However, the hetero-
geneity of knowledge and shortage of medical workers often hinder major healthcare reforms that potentiate major leaps 
in service delivery accuracy and efficiencies. Technologies should support nurses in preparing, delivering, documenting, 
and reviewing procedures. Therefore, we hope that our work could evoke further discussions and initiatives on the 
development and implementation of innovative technologies to provide clinical solutions.52 In addition, we also 
highlight that, tools are always just a booster for clinical work and could never replace nurses. Thus, nurse leaders 
have an obligation to provide standard and evidence-based strategies to educate and train nurses to promote specialized 
skills.

Conclusion
In this study, we designed, developed, and evaluated the blood collection management workstation, which showed 
potential to decrease errors and improve working efficiency in a clinical setting. Although some weaknesses are to be 
improved in future versions, the system is a stepping-stone to future efforts seeking to empower clinical workers with 
technology. We hope that data from this study will provide health care managers with a new conception of how 
technologies can support nurses in preparing, delivering, documenting, and reviewing during clinical care.
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