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Abstract. We need to rethink the healthcare design and innovation process and particularly the 

evidence-base that drives it. Typically design techniques and guidelines do not involve simulation 

modelling, and rarely can we show how an optimum layout has been achieved. There have been 

previous attempts, but these have often focused on hard objective measures, which have not 

encouraged action and collaborative research. This paper proposes a hybrid and action-based 

simulation model that drives innovation in design. 

1. Introduction 

Healthcare design requires interdisciplinary collaboration and evidence-based techniques to 

achieve innovative solutions. Simulation modeling can help understand the complexity of the 

healthcare system, but an iterative hybrid simulation modeling framework is necessary to 

ensure success. This paper proposes an action research-based hybrid simulation model to 

achieve optimal outcomes through interdisciplinary collaboration. In doing so, it advances 

approaches to modelling and explores innovation in evidence-based and collaborative 

healthcare design (Hyrkäs et al., 2020; Nahhas et al., 2017; Stefanini et al., 2021; Hall et al., 

2019; Caixeta & Fabricio, 2013; Halawa et al., 2020). Hall et al., (2019) for example 

highlighted the importance of academic collaboration to deliver innovative practice-based 

healthcare design emergence. 

Three key issues are motivating the need for innovation in efficient healthcare design: patient 

demand is increasing at a rate higher than the capacity of the facilities available; staff overload 

and the need for improving working conditions; and third, rising costs related to poor design 

decision making which lead to poor outcomes. To address these, Architects must find dynamic 

ways to incorporate evidence and way to fit designs to operational processes and clinical (staff 

and patient) flows. Some have proposed the need for co-creating new collaborative models. For 

example,  

This article considers how dynamic briefing and creative dialogues, agile approaches and 

physical prototyping have encouraged an interdisciplinary perspective within a specific design 

case study. It explains how an engaged process was created that allowed for the rapid testing of 

assumptions and enabled more effective design judgements between specialist designers, and 

those less able to express why something works (or not).  

2. Healthcare facility design 

A healthcare facility needs to provide urgency and speediness of patient treatment in a 

convenient environment (Aaronson et al., 2017). The physical layout of a facility plays a key 

role in either increasing or decreasing the efficiency rates and the productivity rate of a facility 

(Abo-Hamad & Arisha 2014). It is well known that there is an interplay between various sources 

of evidence that must be integrated in facility design, for example “healthcare facility design is 

a complex process that not only creates and allocates physical spaces, but also shapes the 
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dynamic flows of patients, staff, visitors, equipment, and information.” (Halawa et al., 2020). 

Figure 1 shows studies on the measured effect of physical layout on healthcare outcomes. 

 

Figure 1: A Summary of the literature on layout-design in healthcare facilities up to 2018 (original) 

Research has shown first that buildings can have a significant and physical impact on healthcare 

outcomes (Becker, 2007), however there are fewer studies that have explored the potential of 

simulation modeling to improve healthcare layout design outcomes and subsequently, 

healthcare outcomes (Kim & Lee, 2010; Morgareidge et al., 2014; Choudhary et al., 2010). 

There are also other indirect impacts, for example nurse workload and burnout have been shown 

to be inversely correlated with patient satisfaction (Venugopal et al., 2013) and efficiency 

(Kisliakovskii et al., 2017) and so we must find ways to simulate and support the effectiveness 

of layout design decision making. 

While evidence-based design and simulation modeling have the potential to be a powerful tool 

for improving healthcare design, there are still limitations that need to be addressed, including 

lack of engagement of all partners, differences in objectives and priorities, and lack of a 

common understanding (Zych et al., 2020). What is more, given the complexity of healthcare 

facilities design, a collaborative approach if often necessary. Design processes will therefore 

involve architects, hospital managers, and other stakeholders who together can achieve optimal 

healthcare outcomes (Kohler, Gramazio, & Willmann, 2015; Hyrkäs et al., 2020). Rashid 

(2015) proposes the combination of evidence-based design and simulation modelling in the 

production of design guidelines. Playing a role in testing theories, resolving functional and 

spatial issues, testing layouts against a set of clinical objectives. 

3. Simulation modelling and assessing facility efficiency 

Evidence-based design and simulation modelling have immense potential if combined 

throughout the design process in an action research setting. Simulation modelling was first used 

by data scientist to conduct sophisticated mathematical modelling (Mohiuddin et al., 2017), but 

greater potential was found when it was used to help visualise the effect of different decisions 

on the overall efficiency of the healthcare facility, rather than reaching a mathematical 

optimum. Visualising a real-life case scenario, or providing common grounds for 

communication between different disciplines and people from different professions and 

backgrounds. For example, simulation modelling has been used in solving overcrowding 

problems where bottlenecks are detected, and smoother flow is acquired. According to (Clarke, 

Peavey, & watkins, 2013) simulation modelling was used to test the validity of design 

assumptions and innovative solutions. The challenge is to feed the simulation model with viable 

data that represents real-life case scenarios. A major part of finding a better solution is to firstly 

understand the system and understand how the system works. This helps in identifying the 
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problem and come-up with better solutions such as patient flow modelling to improve overall 

healthcare performance (Shepley & Watson, 2013). Figure 2 shows the evolution of discrete-

event simulation modelling from the experimentational phase in the 2000s to the application of 

wearable sensors to better understand the effect of layout design on patient satisfaction in 2021. 

 

Figure 2: Timeline of literature on discrete-event simulation and sensors (original) 

There has been an evolution in simulation modelling from hard modelling to soft-systems 

modelling. Although, its impact on architecture and healthcare facility design has up until now 

been marginal. Figure 3 illustrates the evolution of discrete event simulation (DES) modelling 

in the healthcare industry and highlights the importance in developing a new hybrid approach. 

 

Figure 3: Discrete-Event Simulation Modelling Evolution in the healthcare industry (original). 

4. Sensor use to validate simulation models  

Previously, sensory data has been used with simulation. Table 1 provides a summary of the 

literature on wearable sensors and what role sensors have played in healthcare design. They 

show for example RFID use on healthcare case studies. While Yao et al., (2010) & Fosso 

Hard Modelling

•Process flow was deducted 
from interviews

•No change in the process, 
only addition of resources to 
reduce LOS and increase 
resource utilization rates

•Model show-off. The 
objective at that point was to 
merely show the capabilities 
of DES in the healthcare 
industry.

•One process flow for all 
patients

Supporting tools and 
techniques.

•Data mining and process 
mining to deduce the actual 
process flow rather than 
just interviews.

•Optimization techniques

•Proposed changes to the 
process flow not only 
resource adjustment.

•Question the model 
validation and verification

•Multiple patient flows from 
different aspects.

Hybrid Modelling & Soft 
Systems.

•Realizing the pros and cons of 
DES and how sensory data 
compliments DES in grasping 
the bigger picture.

•Understanding the 
importance of including 
stakeholders, practitioners, 
staff members and patients in 
the simulation process from 
early stages.
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Wamba et al., (2013) set out some of the opportunities and challenges, this technology remains 

in its infancy in healthcare applications. 

Table 1:   A Literature Summary of Applying Sensors on Patient and Staff in the Healthcare Facility. 

 

This shows that there are various uses for data gathered from RFIDs. For example, Hornbeck 

et al., (2012) used sensors to record contacts among healthcare workers and patients and the 

implications on hospital-associated infections. The author’s concluded that workers increase 

infection spread when they do not wash their hands. Others have used wearable sensors on 

patient and staff (Kisliakovskii et al., 2017, Morgareidge et al., 2014 and  Stefanini et al., 2021), 

but it can remain unclear how design collaboration occurred between different parties 

(Mohiuddin et al., 2017).  

Sensory data can be used to validate and verify the accuracy of the simulation models. 

Specifically, the effect of layout design on the overall efficiency of the system. RFID sensors 

can record the effect of layout on human behaviour, although the quality of a model is based on 

the quality of the data gathered to operate the model (Abo-Hamad & Arisha, 2014 and Arisha 

& Rashwan, 2016). Although the simulation modelling has deeply changed the industrial sector, 

its impact on architecture and healthcare has up to now been marginal. It has not been yet fully 

developed (Kohler, Gramazio, & Willmann, 2015). The challenge is to translate the data from 

the wearable sensors to valuable information that would be translated to design guidelines for 

future projects.  
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(Heo, Yeonsook; 

Choudhary, Ruchi; 

Bafna, Sonit; 

Hendrich, Ann; 

Kaiser, 2009) 

    X   

(Yao et al., 2010) X       

(Wong et al., 2011)  X      

(Hornbeck et al., 

2012) 

 X      

(Fosso Wamba et al., 

2013) 

X       

(Gharaveis et al., 

2018) 

      X 

(Singh et al., 2014)   X     

(Morgareidge et al., 

2014) 

   X    

(Kisliakovskii et al., 

2017) 

    X   

(Grzywinski et al., 

2020) 

   X    

(Stefanini et al., 

2021) 

     X  
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5. Case Study Methodology 

Moorfields Eye Hospital is facing the challenge of reducing backlog due to Covid-19. Patient 

conditions have been deteriorated and there is a risk of the increase in number of deteriorated 

cases because of the delay in diagnostics and treatment. The challenge faced in this project is 

the provision of an innovative diagnostics hub in a shopping centre. Ophthalmology, the busiest 

NHS outpatient specialty (7.9 million episodes; 2018-19), is perfectly suited to providing a 

testbed for rapid, research-driven innovation and to show how research in the built environment 

can better inform clinical and technological advancement. 

This is a clinically led project where the design is defined by the patient and staff process flow 

of diagnostic tests. Physicians, engineers from different disciplines and modelling experts have 

worked in an interdisciplinary manner to reach a holistic optimum where efficiency means 

patient satisfaction, staff efficiency, maximum utilization rates of diagnostic equipment and 

minimal costs. This is a clinically led case study with the involvement of a team of designers, 

engineers, and expertise in the built environment. 

Patients were categorized into two cases: medical retina patients (MR) and glaucoma patients 

(GL). They self-check-in then wait for a technician to assist them through the entire process till 

exit point. This can be seen in Figure 2. 

 

Figure 2: Clinical Process Flow for GL and MR patients 

It was important to solve the bottlenecks that resulted from placement of lanes, pods and 

equipment pools and so different modelling approaches will be applied. Modelling was used to 

demonstrate the effects of different layouts, adding in considerations for discussions with the 

technicians (e.g., adding a bathroom to reduce patient time). This can be seen in Figure 3. 
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Figure 3: Simulation model using Anylogic Software 

Figure 4 shows an indicative simulation model used to illustrate the clinical flow and used to 

facilitate a discussion on efficiency and smooth running with no bottlenecks. It was also used 

to make sure that there are no patients in the system after the official working hours for the 

technical team. An iterative approach was used to alter the simulation model and the layout 

setting. 

 

Figure 4: 3D simulation run for iteration one 

6. Results  

A comparative analysis between the simulated data and the Ubisense data was conducted for 

both patient types, medical retina patients and Glaucoma patients. The left-hand side of Figure 

5 represents the comparison for medical retina patients while the right-hand side represents the 

Glaucoma patients. The clinical pathway for each patient type was divided into three 

main/grouped activities where several machines/tests are grouped in one pod: Vision, Dialation, 

MR for the Medical retina patients. And AF, HFA, GL for the Glaucoma patients. The orange 

bars represent simulated results while the blue bars represent the Ubisense data. 
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Figure 5: Comparative analysis between Simulated duration and actual duration for both patient types 

It was found that there is a discrepancy in total patient times in the system. So, a workshop was 

conducted with the technicians to understand the reason behind the difference of activity 

durations and total journey time of patients. behind this discrepancy in results. It was found that 

the HFA machines for the Medical Retina patients needs recalibration due to its exposure to 

high levels of light. And in terms of the Glaucoma patients, a journey to the toilet was a 

necessity since the patients are all elderly patients and the bathrooms were located outside the 

diagnostic hub. It was a 15 min journey. 

7. Conclusion and recommendations 

The combination of sensory data and simulations played a vital role in better understanding the 

effect of layout design on overall performance of the healthcare facility. It helped validate and 

create a shared model of our environment that better represents the real-world problem. 

The challenge is always to design a physical layout that harmonizes with the process flow, 

while ensuring patient and staff satisfaction and maximizing utilization rates. However, 

outdated standards, lack of evidence-based design guidelines, and absence of lessons learned 

from previous experiences hinder the process. A framework is needed to achieve guidelines and 

a holistic approach to the system. A hybrid simulation modelling approach is proposed that is 

deployed in an action-research setting to improve design outcomes and healthcare outcomes. 

This will facilitate communication between architects and hospital managers/stakeholders, 

leading to an efficient flow, solving backlogs, and overcrowding, and reducing medical errors.  

The next steps in this research are to test the proposed framework and apply it to other case 

studies of different complexities. The potential of hybrid simulation modelling will be shown 

as a catalyst for delivering a physical layout in harmony with the clinical process is significant. 

This will involve as well testing the interaction between the real and virtual, simulation 

modelling techniques using advanced sensors and cameras. Ultra-wideband real-time location 

system (RTLS) (Ubisense, 2022). These sensors can gather behavioral information on how the 

medical staff and patients navigate and interact in a physical space and help verify the 

simulation model in terms of its capabilities in mimicking the real-world scenario.  

0

20

40

60

80

100

120

140

V
is

io
n

D
ia

la
ti

o
n

M
R

V
is

io
n

D
ia

la
ti

o
n

M
R

MR MR(Ubisense)

0

20

40

60

80

100

120

140

AF HFA GL AF HFA GL

GL GL(Ubisense)



8 

 

References 

Aaronson, E., Mort, E., & Soghoian, S. (2017). Mapping the process of emergency care at a teaching 

hospital in Ghana. Healthcare, 5(4), 214–220. https://doi.org/10.1016/j.hjdsi.2016.12.001 

Abo-Hamad, W., & Arisha, A. (2014). Multi-criteria approach using simulation-based balanced 

scorecard for supporting decisions in health-care facilities: an emergency department case study. Health 

Systems, 3(1), 43–59. https://doi.org/10.1057/hs.2013.11 

Arisha, A., & Rashwan, W. (2016). MODELING OF HEALTHCARE SYSTEMS: PAST, CURRENT 

AND FUTURE TRENDS. In T. M. K. Roeder, P. I. Frazier, R. Szechtman, E. Zhou, T. Huschka, & S. 

E. Chick (Eds.), Proceedings of the 2016 Winter Simulation Conference (pp. 3213–3224). 

Becker, F. (2007). Nursing unit design and communication patterns: what is “real” work? Herd, 1(1), 

58–62. https://doi.org/10.1177/193758670700100115 

Caixeta, M. C. B. F., & Fabricio, M. M. (2013). A conceptual model for the design process of 

interventions in healthcare buildings: A method to improve design. Architectural Engineering and 

Design Management, 9(2), 95–109. https://doi.org/10.1080/17452007.2012.738040 

Choudhary, R., Bafna, S., Heo, Y., Hendrich, A., & Chow, M. (2010). A predictive model for computing 

the influence of space layouts on nurses’ movement in hospital units. Journal of Building Performance 

Simulation, 3(3), 171–184. https://doi.org/10.1080/19401490903174280 

Fosso Wamba, S., Anand, A., & Carter, L. (2013). A literature review of RFID-enabled healthcare 

applications and issues. International Journal of Information Management, 33(5), 875–891. 

https://doi.org/10.1016/j.ijinfomgt.2013.07.005 

Gharaveis, A., Hamilton, D. K., & Pati, D. (2018). The Impact of Environmental Design on Teamwork 

and Communication in Healthcare Facilities: A Systematic Literature Review. Health Environments 

Research and Design Journal, 11(1), 119–137. https://doi.org/10.1177/1937586717730333 

Grzywinski, M., Carlisle, S., Coleman, J., Cook, C., Hayden, G., Pugliese, R., Faircloth, B., & Ku, B. 

(2020). Development of a Novel Emergency Department Mapping Tool. Health Environments Research 

and Design Journal, 13(1), 81–93. https://doi.org/10.1177/1937586719842349 

Halawa, F., Madathil, S. C., Gittler, A., & Khasawneh, M. T. (2020). Advancing evidence-based 

healthcare facility design: a systematic literature review. Health Care Management Science, 23(3), 453–

480. https://doi.org/10.1007/s10729-020-09506-4 

Hall, A., Leff, D., Wojdecka, A., Kinross, J., Thompson, P., & Darzi, A. (2019). Beyond the healthcare 

paradigm: Co-creating a new model for collaborative transdisciplinary healthcare design education. 

Proceedings of the 21st International Conference on Engineering and Product Design Education: 

Towards a New Innovation Landscape, E and PDE 2019, September. 

https://doi.org/10.35199/epde2019.16 

Heo, Yeonsook; Choudhary, Ruchi; Bafna, Sonit; Hendrich, Ann; Kaiser, M. P. (2009). A Modeling 

Approach for Estimating the Impact of Spatial Configuration on Nurses’ Movement. Paper presented in 

the 7th Space Syntax Symposium. April 2014, 1–11. 

Hornbeck, T., Naylor, D., Segre, A. M., Thomas, G., Herman, T., & Polgreen, P. M. (2012). Using 

sensor networks to study the effect of peripatetic healthcare workers on the spread of hospital-associated 

infections. Journal of Infectious Diseases, 206(10), 1549–1557. https://doi.org/10.1093/infdis/jis542 

Hyrkäs, P., Haukipuro, L., Väinämö, S., Iivari, M., Sachinopoulou, A., & Majava, J. (2020). 

Collaborative innovation in healthcare: A case study of hospitals as innovation platforms. International 

Journal of Value Chain Management, 11(1), 24–41. https://doi.org/10.1504/IJVCM.2020.105475 

Kim, Y., & Lee, H. W. (2010). Analyzing user costs in a hospital: Methodological implication of space 

syntax to support whole-life target value design. Lean Construction Journal, 2010, 55–65. 

Kisliakovskii, I., Balakhontceva, M., Kovalchuk, S., Zvartau, N., & Konradi, A. (2017). Towards a 

simulation-based framework for decision support in healthcare quality assessment. Procedia Computer 

Science, 119(2017), 207–214. https://doi.org/10.1016/j.procs.2017.11.178 

Mohiuddin, S., Busby, J., Savović, J., Richards, A., Northstone, K., Hollingworth, W., Donovan, J. L., 

& Vasilakis, C. (2017). Patient flow within UK emergency departments: A systematic review of the use 



9 

 

of computer simulation modelling methods. BMJ Open, 7(5). https://doi.org/10.1136/bmjopen-2016-

015007 

Morgareidge, D., CAI, H., & JIA, J. (2014). Performance-driven design with the support of digital tools: 

Applying discrete event simulation and space syntax on the design of the emergency department. 

Frontiers of Architectural Research, 3(3), 250–264. https://doi.org/10.1016/j.foar.2014.04.006 

Nahhas, A., Awaldi, A., & Reggelin, T. (2017). Simulation and the Emergency Department 

Overcrowding Problem. Procedia Engineering, 178, 368–376. 

https://doi.org/10.1016/j.proeng.2017.01.068 

Rashid, M. (2015). Research on nursing unit layouts: An integrative review. Facilities, 33(9–10), 631–

695. https://doi.org/10.1108/F-01-2014-0009 

Shepley, M. M. C., & Watson, A. (2013). Evidence-based design: Medical and design researcher 

collaboration. Evidence-Based Medicine, 18(1), 2–4. https://doi.org/10.1136/eb-2012-100785 

Singh, S., Friesen, M. R., Mcleod, R. D., & Member, I. (2014). Optimized Path Planning for a Mobile 

Real Time Location System ( mRTLS ) in an Emergency Department . GEM’14 - The 2014 International 

Conference on Genetic and Evolutionary Methods, 7. 

Stefanini, A., Aloini, D., Gloor, P., & Pochiero, F. (2021). Patient satisfaction in emergency department: 

Unveiling complex interactions by wearable sensors. Journal of Business Research, 129(March), 600–

611. https://doi.org/10.1016/j.jbusres.2019.12.038 

Venugopal, V., Daniel Otero, L., Otero, C. E., & Centeno, G. (2013). A simulation model for evaluating 

resource policies in a major emergency department. Conference Proceedings - IEEE 

SOUTHEASTCON. https://doi.org/10.1109/SECON.2013.6567424 

Wong, S. Y., Tsui, K. L., Chin, K. S., & Xu, M. (2011). A simulation study to achieve healthcare service 

quality improvement in accident & emergency department (AED). 2011 IEEE International Conference 

on Quality and Reliability, ICQR 2011, 259–263. https://doi.org/10.1109/ICQR.2011.6031721 

Yao, W., Chu, C. H., & Li, Z. (2010). The use of RFID in healthcare: Benefits and barriers. Proceedings 

of 2010 IEEE International Conference on RFID-Technology and Applications, RFID-TA 2010, July 

2010, 128–134. https://doi.org/10.1109/RFID-TA.2010.5529874 

Zych, M. M., Berta, W. B., & Gagliardi, A. R. (2020). Conceptualising the initiation of researcher and 

research user partnerships: A meta-narrative review. Health Research Policy and Systems, 18(1), 1–18. 

https://doi.org/10.1186/s12961-020-0536-9 

 


