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Autonomous mobile robots in sterile instrument logistics: an evaluation of the
material handling system for a strategic fit framework

Giuseppe Fragapanea , Hans-Henrik Hvolbyb , Fabio Sgarbossaa and Jan Ola Strandhagena

aDepartment of Mechanical and Industrial Engineering, Norwegian University of Science and Technology, Trondheim, Norway; bDepartment
of Materials and Production, Centre for Logistics, Aalborg University, Denmark

ABSTRACT
The logistics activities of sterile instruments are both labour- and cost-intensive. Automating sterile
instrument transportation offers an excellent opportunity to reduce staff members’ responsibilities and
time committed to that task. With recent technological advances in material handling, autonomous
mobile robots offer an innovative solution for transporting sterile instruments, especially in dynamic
environments such as hospitals. However, hospital planners need guidance in deciding when to apply
which material handling systems to achieve optimal performance. This study uses a multiple case
study to map sterile instrument logistics and evaluate the transportation performance of material
handling systems in terms of flexibility, productivity, quality/service, and costs. Applying contingency
theory and analysing the relationships between material handling systems and hospital characteristics,
we contribute with a strategic fit framework showing the ideal states to achieve high performance.
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1. Introduction

The well-being and recovery of patients seeking help depend
heavily on hospitals’ responsiveness in providing treatment in
both emergency cases and elective procedures (Soremekun,
Takayesu, and Bohan 2011; Siciliani, Moran, and Borowitz
2014; Nikolova, Harrison, and Sutton 2016). Ensuring a high
level of responsiveness requires hospitals to manage – in add-
ition to human and machine resources – the flow of materials,
such as sterile instruments, to provide emergency and planned
treatments or surgeries. Maintaining the high availability of
sterile instruments requires efficient and reliable logistics
(Volland et al. 2017). Many of these instruments are expensive
and can only be used for a specific type of procedure. To keep
costs low, hospitals circulate a wide range of instruments,
often several times per day, between point-of-use stations –
such as operating theatres and outpatient rooms – and their
central sterile processing department (CSPD). All reusable
instruments must be properly cleaned, disinfected and
checked for functionality after each use. Since patient safety
depends on medical instruments functioning properly with
minimal contagion risk, hospitals must ensure that these
instruments are always of high quality, sterile and available
when needed (Chobin and Swanson 2012).

However, hospitals struggle to manage an efficient sterile
instrument logistics system, which includes processing, stor-
age, usage and transportation, to keep the balance between
low costs and high availability of instruments. A recent study

revealed that in hospitals, up to 46% of the delays in oper-
ation rooms (ORs) can be traced back to the unavailability of
sterile instruments (Wubben et al. 2010). These delays not
only cause longer working hours for doctors and staff – add-
itional costs for the hospitals – but also negatively impact
the quality of care, and so adverse effects can occur. The
logistics of sterile instruments impact the hospital’s overall
performance in terms of flexibility, productivity, quality and
costs (Di Mascolo and Gouin 2013).

Activities connected to the logistics of sterile instruments,
such as cleaning, processing, inspecting, packaging, storing
and transporting, are both labour- and cost-intensive and
represent an opportunity to reduce costs for many hospitals
(van de Klundert, Muls, and Schadd 2008; Di Mascolo and
Gouin 2013). Previous studies have identified that transporta-
tion has a significant impact on the performance of sterile
instrument logistics and is one of the major drivers of costs
(Hammami et al. 2006; van de Klundert, Muls, and Schadd
2008; Tlahig et al. 2013). Transportation requests can vary
considerably in frequency, distance and quantity, and the
requested period from ordering to receiving sterile instru-
ments can be very short because of, for instance, patients
arriving unexpectedly and in need of emergency surgery
(van de Klundert, Muls, and Schadd 2008). Furthermore, the
number of carts used for the transportation of sterile instru-
ments to the operating theatre varies. The same surgical pro-
cedure can require different or additional instruments
depending on the patient’s age, sex and physical condition
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and the surgeon’s preferences. Therefore, a great challenge
lies in managing transportation resources of the material
handling system to respond quickly in times of emergency
and keeping regular transportation efficient at the
same time.

Hospitals are continuously strategising about the automa-
tion of transporting hospital goods with the aim of reducing
staff members’ responsibilities and the amount of time
required for transportation, hence increasing patient care and
reducing costs (Pedan, Gregor, and Plinta 2017). Sterile instru-
ment transportation has proven challenging to automate.
Only one out of 39 hospitals in Norway uses an automated
material handling system – in this case, automated guided
vehicles (AGVs) – to transport sterile instruments (Ullrich
2015). The difficulty lies in finding the appropriate material
handling system and level of automation for the physical and
organisational needs of hospitals (Granlund and Wiktorsson
2014). The necessary level of flexibility in sterile instrument
transportation has often been achieved by human labour, so
manual transportation is the primary choice between a hospi-
tal’s CSPD and its various point-of-use stations.

The growing logistics sector requires more highly tailored
machines and could benefit from robotics (Hichri et al. 2019).
Recent technological advances have had a positive impact on
robots’ indoor mobility. More powerful batteries, high-quality
cameras for environmental recognition and increased onboard
computational power enable greater autonomy of mobile
robots’ navigation. These changes have led to the introduction
of autonomous mobile robots (AMRs) that can navigate freely
within a predefined area and provide material handling serv-
ices (Fragapane et al. 2021). Because of their obstacle avoid-
ance, dynamic pathfinding and smaller vehicle dimensions,
AMRs can be implemented in busy environments, such as
areas with patients present and narrow hallways and doors,
leading to a higher degree of integration in hospitals.
Compared with an AGV, no physical reference points need to
be preinstalled to guide an AMR through a hospital, and
implementation time and costs can be greatly reduced. User-
friendly controls enable employees to send, receive and track
each transportation with ease. Technologies promoting the
exchange of information have been identified as a key factor
in streamlining material flow and improving collaboration in
hospitals (Marques, Martins, and Ara�ujo 2020). AMRs offer an
opportunity to reduce the involvement and responsibilities of
humans in material handling activities (Fragapane et al. 2020).
Indeed, the implementation of AMRs may increase the respon-
siveness of a hospital’s sterile instrument logistics while retain-
ing the necessary level of flexibility to ensure that items are
available and service levels maintained.

Most material handling systems originate and are operated
in industrial settings, but to ensure long-term performance
benefits, technologies must adapt to hospital characteristics –
for instance, handling high levels of human interaction in a
narrow and dynamic environment (Fragapane et al. 2019;
Tortorella et al. 2020). Because of the variability in these traits,
standards and best practices on how goods should be trans-
ported in hospitals are lacking (Volland et al. 2017). Hospital
planners need guidance to achieve high performance when

applying advanced technologies (Tortorella et al. 2020). The
identification of the drivers of high performance and examin-
ation of the conditions under which specific practices, resour-
ces or setups are used are all vital for planning and controlling
a logistics system (Ketokivi and Schroeder 2004; B€ohme et al.
2016). The literature is still lacking in this regard (see Section
2). Material handling systems for sterile instrument logistics
have not been investigated enough to provide hospital plan-
ners with enough support to achieve high performance in
transportation while still considering crucial hospital character-
istics. An approach to filling this gap is to analyse different
material handling systems based on several key performance
indicators (KPIs) and apply contingency theory to identify the
impact of organisational characteristics with contingencies – in
this case, hospital characteristics – to achieve high
performance. The results and insights of this type of investiga-
tion can be used to develop a strategic fit framework for hos-
pital planners, indicating the high performance of material
handling systems and taking into consideration the hospital
characteristics and contingencies.

Based on the information above, the present study’s
objectives are as follows:

1. Identify KPIs that are useful in evaluating the perform-
ance of sterile instrument transportation;

2. Apply contingency theory to describe and explain the
impact of hospital characteristics and contingencies on
the performance of the material handling systems; and

3. Based on the findings in objectives 1 and 2, align mater-
ial handling systems, hospital characteristics and contin-
gencies to achieve high performance, thus identifying
the strategic fit.

To achieve these objectives, a multiple case study was
conducted at three hospitals that each use different material
handling systems to transport sterile instruments: manual
transportation with dedicated elevators, a shared AGV system
and a dedicated AMR system.

The remainder of the current paper is organised as follows:
The next section reviews the related literature on sterile instru-
ment logistics, the KPIs applied, contingency theory and stra-
tegic fit to frame the gap in existing research. Section 3
describes the multiple case study method and contingency
theory employed, including case selection, data collection and
analysis, while Section 4 describes the characteristics of the
three case hospitals. Section 5 presents the KPI results for each
case hospital, Section 6 explains the impact of hospital charac-
teristics on material handling systems, and Section 7 explains
the strategic fit between material handling systems and hos-
pital characteristics. We conclude the study in Section 8 and
offer recommendations for future research.

2. Literature review

2.1. Sterile instrument logistics

Instrument sterilisation in hospitals has evolved from a
decentralised service performed by nurses in an operating
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room annexe to a centralised activity in which large-scale
sterilisation is performed in a separate department by speci-
alised technicians. Centralising the sterilisation process has
made it possible to apply operations management techni-
ques and optimise reverse, closed-loop logistics with the
operational activities of sterile processing, storage, usage and
transportation.

Regarding sterile processing, Di Mascolo and Gouin (2013)
propose a generic simulation model for hospital planners to
design the CSPD (e.g. determine the number of machines or
loading machines policies) and evaluate the different sterile
processing activities in the utilisation or throughput times.
Ozturk, Begen, and Zaric (2014) propose that a typical bottle-
neck in sterile processing is the washing step. The arrival pat-
terns of contaminated sterile instruments often result in
significant accumulation throughout the CSPD (Lin et al.
2008). Ozturk, Begen, and Zaric (2014) introduce a branch-
and bound-based heuristic to optimise the washing machine
schedule, minimising the makespan of parallel job batches.

To reduce costs and increase the efficiency of CSPD, sev-
eral studies have investigated decentralising and outsourcing
the sterilisation process in hospitals. van de Klundert, Muls,
and Schadd (2008) investigate the optimisation problems
that must be resolved when redesigning the supply proc-
esses of the decentralised CSPD to improve the availability of
materials and reduce costs; the introduced lot-sizing and
transportation model aims to find the minimal inventory and
transportation costs by using dynamic programming for dif-
ferent replenishment methods. Outsourcing implies keeping
safety stocks on site at the hospital. The study by van de
Klundert, Muls, and Schadd (2008) highlights the difficulty of
setting the safety stock for keeping inventory and transporta-
tions low and availability high at the same time. Rather than
the number of instruments, it is their immense variety that is
challenging for the outsourcing process of the CSPD.
Information technology is identified as a valuable opportun-
ity for improvement. Therefore, the model has been
extended to a dynamic, nondeterministic setting to highlight
the value-added of real-time information availability. In two
different scenarios and sterilisation service structures, a
recent study by Tlahig et al. (2013) compares the in-house
sterilisation and outsourced sterilisation services supplying a
network of several hospitals. The introduced model aims to
find the optimal setup, location and capacity with the object-
ive function of minimising the total costs, which consist of
transportation, sterilisation, resource transfer and acquisition.

Studies about sterile processing have included the con-
straint of transportation to a larger extent than storage and
point-of-use. However, for storage activities, Landry and
Beaulieu (2010) present and describe the most common
inventory control methods applied in sterile logistics, and
Ahmadi et al. (2019) provide an overview of the optimisation
approaches to reduce inventory levels, space requirements
and costs. Lean tools have mainly supported reducing waste
and improving process efficiency at the point-of-use (Costa
and Godinho Filho 2016; Villarreal et al. 2018; Fogliatto
et al. 2020).

To plan transportation and design material handling sys-
tems in hospitals, discrete-event simulations have been the
most appropriate approach, especially for AGVs (�Ceri�c 1990;
Chikul, Maw, and Soong 2017). Le-Anh and De Koster (2006)
provide an overview of the strategic, tactical and operational
decisions for planning and controlling AGVs. Fragapane et al.
(2019) apply an agent-based simulation model to assess the
AGV system in hospitals, investigating the different transpor-
tation scenarios to improve delivery time and resource util-
isation. A case study by Benzidia et al. (2019) investigates
the different goods flows in hospitals and highlights the
complexity of the distribution networks performed by AGVs;
the study points out that hospitals are more likely to decide
to keep manual transportation in case the demand is less
predictable and the variety of a single category of goods
is high.

In summary, studies in sterile instrument logistics apply
significantly higher quantitative methods than qualitative or
mixed methods. Mathematical modelling and simulation have
been the preferred approaches for planning and optimising
the activities of sterile processing, storage, use and transpor-
tation of sterile logistics. Furthermore, decision support sys-
tems for planning transportation or the material handling
system mainly focus on the tactical and operational levels,
such as scheduling, routing, battery and traffic management.

2.2. Key performance indicators for sterile instrument
transportation

Measuring performance can provide information about opti-
mal status or deficiencies in sterile instrument transportation
and can serve as the basis for planning, optimisation,
improvement, control or evaluation purposes. According to
Behn (2003), an evaluation is the most common reason for
measuring performance because it tries to answer the follow-
ing question: How do the operations and practices of this
organisation compare with the ones that are known to be
most effective and efficient? To compare the actual perform-
ance of an organisation against the performance criteria, a
variety of outcome measures combined with some input
measures should be defined (Behn 2003).

The literature review on sterile instrument logistics allows
for identifying the different KPIs applied in previous studies
and grouping them in terms of their flexibility, productivity,
quality, service and costs. Benzidia et al. (2019) and
Fragapane et al. (2019) investigate how well the material
handling system in hospitals can adapt to transportation
demand changes and how well it can handle different flows
of goods. Automating the material flows can reduce the
degree of personnel involved in deliveries (Volland et al.
2017). Thereby, measuring and comparing the value-added
time supports a comparison of the productivity of an auto-
mated material handling system with a manual one. To
assess the quality of deliveries, �Ceri�c (1990) uses lead time as
a KPI to optimise the transportation schedule of AGVs.
Moons, Waeyenbergh, and Pintelon (2019) argue that meas-
uring the response time to urgent requests and reliability of
timely and correct deliveries can improve transportation
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quality. Investigating the reliability and robustness of AGV
transportation in hospitals, Fragapane et al. (2019) analyse
the number of errors and their effects on transportation
performance.

Unsurprisingly, measuring cost performance has received
the most attention in hospital logistics (Moons,
Waeyenbergh, and Pintelon 2019). For the evaluation of
automated material handling systems, the implementation
and adjustment costs are especially important to consider
because these costs can be quite high and make the auto-
mation of material flows unprofitable in hospitals (Chikul,
Maw, and Soong 2017). The operational costs of transporta-
tion are not to be underestimated; these costs can be crucial
when deciding on outsourcing a sterile processing depart-
ment from the hospital (van de Klundert, Muls, and
Schadd 2008).

Overall, in sterile instrument transportation, the defining
performance indicators and performance measurements are for
planning, optimisation and improvement purposes. Thereby,
only a single material handling system has been assessed in
these studies. The introduced KPIs allow only for reflection and
discussion on a small aspect of sterile instrument transporta-
tion, limiting the comparison of different material handling sys-
tems. There is a need for a broader variety of KPIs to evaluate
the material handling systems in sterile instrument logistics
and to support the analysis of the impact of hospital character-
istics on these material handling systems.

2.3. Contingency theory and strategic fit

Contingency theory is a major theoretical lens used to view
organisations and support organisations to see the relation
between organisational characteristics and contingencies,
such as the environment, size and strategy for reaching high
performance (Donaldson 2001). This theory provides a sub-
stantial basis for investigating fit (Acur, Destan, and Boer
2012) because the concept of strategic fit builds on contin-
gent views of strategy and resources (Venkatraman 1989).
Strategic fit describes a situation in which elements both
internal and external to the organisation are aligned (Scholz
1987), and this fit between a firm and its environment is cru-
cial to yield desirable performance implications (Zott 2003;
Fainshmidt et al. 2019). Therefore, strategic fit has been a
powerful tool for managers to match the demand and sup-
ply characteristics on a strategic level (Fisher 1997;
Christopher, Peck, and Towill 2006; Gligor, Esmark, and
Holcomb 2015) because it helps reveal the ideal state
towards which a logistics system should be continually
directed (Zajac, Kraatz, and Bresser 2000). This concept can
be used on a supply chain level (Cannas et al. 2020) and for
areas within the supply chain, such as production (Buer et al.
2016) or, as in our study, transportation.

2.4. Research gap

The introduction of AMRs has opened new possibilities for
performing services and activities and addressing some cur-
rent challenges in hospital logistics. Since AMRs have only

recently been introduced to hospitals, studies analysing the
impact of AMRs on hospital logistics and how to deploy
them at the strategic level are lacking. No study has yet eval-
uated the transportation performance of different material
handling systems in sterile instrument logistics. The KPIs for
the transportation of sterile instruments and crucial hospital
characteristics necessary for such an investigation have not
yet been sufficiently detailed. Identifying the ideal states of
material handling systems on the strategic level – especially
the application of AMRs to achieve high performance in ster-
ile instrument transportation – has also not been sufficiently
addressed. Contingency theory can provide support in such
investigations to identify hospital characteristics and align
them to develop strategic fit. To the best of our knowledge,
the existing literature is entirely lacking in this regard.

3. Methods

Case research was conducted to achieve the current study’s
aims and fill the gap in the literature. This research approach
is suitable for investigating a real-life phenomenon when the
associated variables and complexity are not sufficiently
understood (Creswell John 2012). The case study research
method has been highly recommended by many researchers
as an excellent tool for improving the conceptual and
descriptive understanding of phenomena (McCutcheon and
Meredith 1993; Barratt, Choi, and Li 2011; Yin 2017). The
growing frequency and magnitude of changes in technology
and managerial methods in operations management require
researchers to apply field-based methods (Lewis 1998), and a
case study is among the most powerful research methods in
operations management (Fynes et al. 2015). The multiple
case study approach allows for a more direct comparison of
the similarities and differences between implementation
practices in different contexts than other approaches
(Dinwoodie and Xu 2008), increases external validity and pro-
tects against observer bias (Voss 2010). Since the present
study aims to compare different material handling systems
regarding performance and understand the impact of con-
textual factors – in this case, hospital characteristics – contin-
gency theory was chosen as the theoretical lens. The
contingency theory focuses on achieving high performance
in technology and practice by including and adapting to the
organisational context (Donaldson 2001; Sousa and Voss
2008). To do so, three sets of variables should be considered:
use of practice, performance and contingency factors.

For the use of practice, the theoretical framework by
Tanchoco (1994), which specifies the crucial parts when
designing and operating a material handling system in a logis-
tics system, has been applied. KPIs were defined to compare
the different material handling systems that involve sterile
instrument logistics. Selecting suitable and relevant perform-
ance measures is critical when analysing any system precisely.
According to Gunasekaran and Kobu (2007), intangibles, such
as resource utilisation and flexibility, are difficult to measure
but play a major role in the effective management of logistics.
Therefore, they advise that KPIs and metrics should be
discussed with and tailored to the individual organisations.
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For the contingency factors, the current study included hos-
pital characteristics of the general, environmental and oper-
ational aspects reflecting the common contingencies of
environment, size and strategy. This selection is based on a
review of the literature in the field of hospital logistics
(Granlund and Wiktorsson 2014; B€ohme et al. 2016; Volland
et al. 2017; Moons, Waeyenbergh, and Pintelon 2019).

The multiple case study format allowed for building a
comprehensive understanding of the findings from different
sites and combining them to create a total knowledge area
of the critical aspects that helped develop the strategic fit
between the case hospitals’ characteristics and material han-
dling systems.

3.1. Case selection

Case selection is a vital element in the current type of
research. When using the traditional approach, a sample of
cases is built by selecting cases according to different criteria
(Eisenhardt and Graebner 2007). However, for multiple cases
that resemble multiple experiments, it is crucial to focus on
the replication logic rather than the sampling logic (Yin
2017). Our strategy is based on achieving theoretical replica-
tion using information-rich cases that produce diverse results
and maximum variation, although for predictable reasons
(Bazeley 2013; Voss 2010). The three hospitals selected have
implemented three distinct material handling systems – each
with different degrees of automation – to supply their CSPDs
and point-of-use locations. A material handling system using
manual transportation and dedicated elevators, a shared
AGV system and a dedicated AMR system both using eleva-
tors represent the different degrees of automation in the
transportation of sterile instruments. The three hospitals are
located in Norway and Denmark and share similarities in
how they are structured as organisations and how they pro-
vide healthcare.

3.2. Data collection and analysis

In case research, triangulation is an essential factor in
increasing the research validity: it is the process of corrobo-
rating evidence from different individuals and types of data,
such as theory, interviews, observations, documents and field
notes, to reflect the same phenomenon (Creswell John 2012;
Carter et al. 2014). In the current study, multiple semistruc-
tured interviews were conducted. The purpose was to inter-
view key personnel who could provide useful information
regarding their hospitals’ CSPD processes, logistics loops and
material handling systems. The interviews were conducted
with each hospital’s managers, leaders, operators, coordina-
tors and other personnel involved in the day-to-day transpor-
tation of sterile instruments to obtain information about
decision-making at the operational, tactical and strategic lev-
els. Personnel from different departments were interviewed
to ensure the representation of several central stakeholders
in the logistics loop (Table 1).

In preparation for the interviews, an interview guide was
developed based on the literature review and was adapted

to match the subjects’ backgrounds and levels of education
(Appendix A). This guide supported the discussion with the
hospital personnel, leading them to both describe the sterile
instrument logistics and express their points of view about
applied material handling systems in the case hospitals.
Semistructured interviews proved an effective way to collect
data, and the interviews were analysed using the recommen-
dations by Mayring (2004) for a content analysis. Several vis-
its were made to conduct observations in different
departments (CSPD, ORs, points-of-use, etc.) at all three hos-
pitals. Here, observations were crucial because many occur-
rences concerning the transportation of goods, such as
delays, often go unrecorded. Complex processes inside and
outside the CSPD could be observed in their natural setting,
allowing the researchers to study actual behaviour. Relevant
information was also obtained through the documents, illus-
trations and reports provided by the participants during the
visits and interviews.

4. The case hospitals’ sterile instrument logistics
and applied material handling systems

The following three subsections provide a detailed descrip-
tion of each case hospital’s sterile instrument logistics and
applied material handling systems, followed by a description
of its closed-loop sterile instrument logistics control model.
The general, environmental and operational characteristics of
the hospitals are summarised in Table 2.

4.1. Hospital A

This hospital’s layout follows the principle of serving patients
who come for brief visits on the lower floors and patients
requiring longer visits on the higher floors. Therefore, out-
patient clinics and the emergency department are located
on the lower floors and inpatient services on the higher
ones. ORs and treatment rooms are located in the left wing
and wards in the right wing. The CSPD is located in the
basement of the left wing below the ORs and processes
reusable instruments for ORs and outpatient clinics. Thus,
the surgical department, which uses the largest share (90%)
of reusable instruments, is located near the CSPD.

Table 1. List of interviews conducted.

Hospital Interview Duration

A Logistics Manager 90min
CSPD Department Manager 45min
CSPD Quality Coordinator 45min
Operation Room Coordinator 30min
Maintenance Operator 90min

B CSPD Department Manager 45min
CSPD Quality Coordinator 45min
Logistics Manager 45min
Inventory Control Manager 90min
Maintenance Operator 90min

C Hospital Director 30min
Hospital Planner 45min
Logistics Manager 45min
CSPD Department Manager 30min
Material Handling Supplier 90min
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Since Hospital A is a large university hospital, its CSPD
operates 24 h a day, although staffing levels are lower on the
weekends. The CSPD’s workload is heaviest between 11:00
am and 7:30 pm each weekday, mainly because of the sched-
uling of surgeries. After the contaminated instruments are
returned to the CSPD, the hospital’s goal is to wash, inspect,
pack, sterilise and return the instruments to storage within
6 h. The carts are washed at the same time in a cart washing
machine. Most sterile instruments are stored centrally within
the CSPD, which means that it is responsible for cleaning,
storing and distributing the hospital’s sterile instruments.

The available information technology (IT) system allows
sharing information about planned surgeries among all
departments involved in the hospital’s sterile instrument logis-
tics. The hospital provides information regarding planned sur-
geries on a weekly basis, allowing the CSPD to plan a week
ahead and be quickly updated on changes in surgery sched-
ules. Detailed information about the instruments needed for
surgeries can be extracted from the IT system, and the delivery
of sterile instruments follows the just-in-time principle. CSPD
staff members prepare carts with the instruments needed for a

given operation or treatment from central storage. The carts
are picked up by porters and delivered to their destinations
using elevators and corridors. The CSPD has dedicated clean
and soiled elevators. The delivery and return of carts with ster-
ile instruments are both performed manually. After surgery,
soiled materials are brought directly to the CSPD’s decontam-
ination area. A high level of coordination is required among
CSPD personnel, the OR and porters. The control model of the
sterile instrument logistics for Hospital A is shown in Figure 1.

4.2. Hospital B

This hospital’s specialised healthcare services are spread across
nine buildings, each containing up to seven floors. The CSPD is
in the basement of one of the western buildings. It processes
reusable instruments for ORs, the emergency department, out-
patient clinics and wards. The orthopaedic clinic and ORs are
the CSPD’s primary clients. On weekdays, it is staffed 24h a
day, but staffing levels are lower on the weekends. Some
equipment and instruments are kept in storage at the CSPD,
but the largest share of such items is placed in decentralised

Table 2: Case hospitals’ key characteristics.

Hospital characteristics Hospital A Hospital B Hospital C

General
Size 700 beds 750 beds 300 beds
Type University hospital University hospital Regional hospital
Construction year (Last major renovation
or addition)

1961 (2008) 1902 (2005) 1988 (expected to be finished
in 2024)

Environmental
Building layout

Building layout (add the attached figure here) (add the attached figure here) (add the attached figure here)
Buildings floors Up to 6 floors Up to 7 floors Up to 4 floors
Ratio of vertical to horizontal
transportation

Vertical 70%, horizontal 30% Vertical 20%, horizontal 80% Vertical 30%, horizontal 70%

Operational
Sterile processing Location Centralised, in-house Centralised, in-house Centralised, in-house
Sterile processing
Planning horizon

Week Day Week

Sterile processing
Throughput time

6 h maximum 24 h maximum 6 h maximum

Inventory
Location

Centralised Decentralised Centralised

Inventory
Replenishment method

Kanban Reorder point policy with
periodic review

Kanban

Delivery
Principle

Just-in-time deliveries with low
time buffer

Scheduled deliveries with high
time buffer

Just-in-time deliveries with low
time buffer

Control model Figure 1 Figure 2 Figure 3
Material handling system
Method, type Manual transportation using

dedicated elevators
Shared AGV system using

shared elevators
AMR using shared elevators

Size (length, width, height) Cart: 860� 710� 1500mm AGV with cart:
1700� 860� 1600mm

AMR with cart: 890� 780� 1600mm

Navigation Autonomous Path-guided Autonomous
Transported material types One – Sterile instruments Six – Sterile instruments, food,

pharmaceuticals, medical supplies,
laundry, and waste

One – Sterile instruments

58 G. FRAGAPANE ET AL.



storage areas in the hospital’s various department levels and
ORs. For inventory control, the hospital uses a reorder point
policy with periodic review. In every review cycle, if the inven-
tory level is equal to or less than the reorder point, replenish-
ment is triggered to increase inventory to a predefined
maximum level. The amount ordered is not constant and
depends on the current inventory. All departments use manual
requisition forms to indicate their requirements for the next
day and, preferably, the specific time at which the items will
be needed. These forms are sent electronically to the CSPD
each day. The emergency department can order supplies and
receive them on the same working day, but departments can-
not automatically order what they need for several reasons.
Some types of surgery and hospital departments have add-
itional instrument requirements, and some instruments cannot
be traced back to their original storage area when they arrive
at the CSPD. The instruments are processed according to their
priority status: rush orders (as soon as possible), priority orders
(within 14h) and regular orders (within 24h). Because surgery
schedules change frequently, the hospital has decided not to
permit placing orders for sterile instruments for more than
24h in advance. The hospital uses an IT system that can track
the flow of sterile reusable instruments in the logistics loop.
The items must be scanned manually after they are received,
cleaned, inspected, delivered and stored. In some departments,
information regarding inventory levels is available.

The AGV system covers the hospital’s transportation serv-
ices to and from the CSPD and other departments. In total,
there are 25 AGV pickup and delivery points connected to
the sterile instrument logistics (in front of the CSPD and at
various point-of-use departments). Personnel must place
wagons containing sterile instruments in dedicated areas for
pickup by an AGV. When the wagons are delivered to the
appropriate department, the hospital personnel are informed
via the IT system that the wagons have arrived. In some crit-
ical cases and on weekends, manual transportation is used
to supply and return sterile instruments. Hospital B’s sterile
instrument logistics mode is illustrated in Figure 2.

The hospital’s AGV system consists of 21 laser-guided AGVs
and transports, in addition to sterile instruments, food, linen
and clothing, medical supplies, pharmaceutical products and
waste. Different priorities and time slots are defined for each
group of goods. The AGVs can lift and move wagons within
the 4500-m guide-path and access tunnels and elevators, thus
reaching many areas of the hospital. The AGVs can communi-
cate with doors and elevators via ultra-wideband. On average,
the AGVs transport approximately 50–70 tonnes of goods
every week between a total of 114 pickup and delivery points.
The remaining 89 points are positioned at goods arrival, kit-
chen, pharmacy, waste disposal and various departments. The
AGVs are cleaned on a regular basis, and each one can operate
for 3 h before needing to be charged for an hour.

Figure 1. Control model of sterile instrument logistics in Hospital A.

Figure 3. Control model of sterile instrument logistics in Hospital C.

Figure 2. Control model of sterile instrument logistics in Hospital B.
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4.3. Hospital C

This hospital’s healthcare services are spread throughout the
building and are arranged by type of patient visit.
Outpatient clinics are mainly on the first floor, whereas
inpatient wards are on the second. The CSPD is currently in
the basement and serves the hospital’s operating rooms, out-
patient clinics and wards. Elevators and corridors must be
used to reach the different departments from the CSPD.
Because the hospital has only two floors, more horizontal
than vertical transportation is required.

The CSPD is not staffed 24h a day; it operates from 7:00
am to 10:00pm on weekdays and 7:00 am to 3:00pm on
weekends. During these hours, it is responsible for washing,
maintaining, packing, sterilising and distributing instruments to
the hospital’s various departments. After a short processing
and throughput time of a maximum of 6h, the instruments
are sent to central storage at the CSPD, which is in charge of
distributing the instruments and supplies required for surgeries
and other treatments. The IT system allows for extracting the
information needed to prepare the required sterile goods. The
instruments are picked up at the storage area and packed
onto a wagon. CSPD staff members send the wagons, with the
help of the AMR, from the CSPD to the hospital’s various
departments (Figure 3). Thus, instruments are delivered accord-
ing to the just-in-time principle, reducing the need for local
storage. Some departments have small local depots with low
inventory for special and critical situations. The number and
contents in the wagons in operation must be kept up-to-date
by the end users in each department. In the past, service assis-
tants delivered the disposable equipment supplies to the
departments, which required heavy lifting and considerable
physical activity. Today, CSPD personnel can control, monitor
and track transports using a tablet computer. There are 10 dif-
ferent pickup and delivery points within the logistics loop.
After registering a delivery, the AMR picks up the wagon and
delivers it to its destination. It does not have to follow a strict
guide-path and, thus, can avoid obstacles and people by
autonomously finding alternative paths. This attribute supports
the AMR’s usefulness in dynamic environments involving
human interaction. CSPD personnel can monitor the AMR’s
path remotely and see if something unusual or wrong is occur-
ring. Communicating via ultra-wideband, the AMR can use ele-
vators and doors; hence, it can access all parts of Hospital C.
Because no physical references must be implemented to guide
it through the hospital, the costs and implementation time are
reduced significantly. The AMR travels 15km and delivers
approximately 60 wagons per day. It can remain in operation
for 10h or travel 20 km before needing to be charged. To pre-
vent and control infection, the AMR is cleaned regularly.

5. Performance measures of sterile instrument
transportation

Previous studies on material handling systems in sterile
instrument logistics have focussed on a few KPIs. The current
study identified KPIs that allow for the evaluation of material
handling systems not only from the common aspects of
costs and productivity, but also flexibility, quality and service.

To assess the adequacy and select the appropriate KPIs for
sterile instrument transportation, we first determined the
main performance areas based on the literature on sterile
instrument transportation, as discussed in Section 2. Second,
we identified the applied KPIs at each hospital (see Figure 4).

Finally, we selected relevant KPIs and discussed how to
evaluate and rate the transportation performance of the hospi-
tals’ material handling systems through whole-day workshops
at each hospital with hospital planners. Table 3 describes the
selected KPIs for sterile instrument transportation.

Three different types of material handling systems – man-
ual transportation with dedicated elevators, a shared AGV
system and a dedicated AMR system – that transport sterile
instruments in hospitals were analysed by measuring and
comparing their performance using several KPIs to assess
their applicability in hospitals.

Manual transportation with dedicated elevators was found
to be highly flexible, agile and easy to maintain. The level of
human involvement, however, reveals its productivity effi-
ciency to be low and that it is an expensive transportation
solution because of issues with communication, time man-
agement and transportation inefficiency. Since manual trans-
portation is logged less often, it is also difficult to recall
errors, delays or miscommunications.

The shared AGV system has standardised processes that
enable a high degree of automation. Due to its ability to
handle different material flows and heavy loads, the AGV sys-
tem has been demonstrated to be very efficient and pro-
ductive. Since the communication system and its interfaces
are clearly defined between the personnel and AGVs, the
AGV system can immediately register when a wagon must
be delivered or returned. However, these positive attributes
have drawbacks: there is limited flexibility for making
changes and working with large buffers. For example, when
changing the pickup and delivery points, the hospital must
implement physical reference points, set up new readers for
the wagons, establish the new infrastructure information and
adapt the guide-path of the AGV’s controls. These efforts are

Figure 4. Identified KPIs for sterile instrument transportation in the three
case hospitals.
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time-consuming and expensive for hospitals because they
require planning the changes and involving all the imple-
mentation’s external partners.

Due to the low level of effort required for its implementa-
tion, the minimal human involvement in its transportation
and its modest need for maintenance, the AMR is an afford-
able material handling system for a single material flow. It
facilitates a high degree of responsiveness and the capability
of applying lean principles to the supply task, with many
small, just-in-time transportations instead of fewer transpor-
tations with heavier loads. Reducing the batch sizes and per-
forming on-demand transportation can improve both
forward and return logistics. For instance, the washing pro-
cess performed at the CSPD can form a bottleneck within
logistics systems. Supplying the CSPD with soiled instru-
ments in small batches facilitates faster response times, as it
allows the washing process to begin earlier, and thus reduc-
ing the amount of work in process. Table 4 presents the
results of the performance measurements, rated in the
ranges of low, middle and high, to differentiate the results.

6. Impact of hospital characteristics on material
handling systems

6.1. Impact of general and environmental hospital
characteristics on material handling systems

Whether small or large, regional or university, hospitals have
demonstrated favourable productivity, quality, service and
cost performance outcomes after applying an automated
material handling system for sterile instrument logistics. Even
a small regional hospital can implement and use an auto-
mated material handling system. In Hospital C, the AMR sub-
stituted one full-time employee and amortised costs within
two years. It is not the size that is important, but rather the
environmental variables, such as the hospital layout and dis-
tribution of the pickup and delivery points.

Hospitals have attempted to concentrate their many
departments within the sterile instruments loop to reduce
transportation times and, thus, costs. Locating the units
involved in sterile instrument logistics above one another
and using elevators have helped reduce transport times.
Therefore, hospital planners aim for a higher ratio of vertical
to horizontal transportation when designing a hospital.
According to the logistics managers of the case hospitals,

this ratio is being challenged by two major identified trends.
First, several polyclinical departments increasingly use more
complex and reusable instruments and want to be con-
nected to the CSPD. These departments are located through-
out hospitals, so relocating them close to the CSPD is nearly
impossible in an operating hospital. Second, hospitals are
expanding and erecting new buildings, and new depart-
ments must be incorporated into the existing sterile instru-
ment logistics. Restructuring and expanding major hospitals
while smaller ones are closed has been reported in many
Western countries (Giancotti, Guglielmo, and Mauro 2017).
The layout of hospitals is changing, and the ratio of vertical
to horizontal transportation is decreasing, trending towards a
more horizontal approach. Changing the ratio of vertical to
horizontal transportation especially affects the productivity
and cost performance of the material handling system. As
horizontal transportation increases, the economic suitability
of AGVs and AMRs also increases because manual transporta-
tion reduces the value-added time of hospital personnel,
which is associated with higher costs.

6.2. Impact of operational characteristics of sterile
instrument logistics on material handling systems

In the current study, two logistics system strategies that are
typically applied in hospitals were investigated: an efficient
one with centralised sterile processing, decentralised storage
and scheduled deliveries with a high time buffer and a
responsive one with centralised sterile processing, centralised
storage and just-in-time deliveries. Both can fulfil the central
objective of ensuring the availability of sterile instruments
for planned and emergency surgeries, and each one is asso-
ciated with different trade-offs.

The first strategy relies on decentralised storage areas with
high inventory levels in the departments at the point of care
responding quickly in critical situations. This allows for longer
replenishment lead times, thus reducing the pressure on deliv-
ery accuracy. The material handling system can perform deliv-
eries with a high time buffer and low responsiveness. This
strategy is convenient for transporting sterile instruments and
several other material flows, such as linen, food, waste and so
forth with one material handling system, thus reducing the
overall transportation costs. The suitable solution for this strat-
egy has been the implementation of AGVs.

Table 3: KPIs for sterile instrument transportation.

Performance dimensions KPI Description

Flexibility Demand changes The degree of adaptation to changes in demand
Routing or path changes The degree of adaptation to new paths
Add new pickup and delivery points The degree of time and effort required to include and integrate new buildings,

departments and areas
Productivity Transportation capacity The number of transported items per delivery

Automation The ratio of machines to personnel time involved in deliveries
Process efficiency The ratio of value-added time to non-value-added time

Quality/Service Delivery accuracy The proportion of correct and on-time deliveries
Responsiveness The time period for total transportation, including ordering, pickup, and delivery
Safety and reliability The number of system failures and errors

Costs Implementation and adjustment costs The costs of setting up and modifying the material handling system
Transportation costs The costs of single transport run
Operational costs The costs of operating and maintaining the material handling system

PRODUCTION PLANNING & CONTROL 61



The planner must justify the high implementation costs of
incorporating an AGV system into a hospital’s design.
Including many material flows in the AGV system enables
the conversion of a hospital personnel’s time from goods
transportation to healthcare and value-added activities, as
seen in Hospital B’s case. This reduces the transportation
costs and the hospital’s overall operating costs.

This strategy and its corresponding material handling sys-
tems are challenged by increased hospital admissions and
commensurate material consumption. The rise in material
consumption requires increasing either the inventory levels
in the decentralised storage areas or transportation fre-
quency to enable shorter reprocessing and replenishment
cycles. Increasing inventory levels – thus using more of the
hospital’s storage area – is costly because the additional
space could be used for patient care.

However, increasing the transportation frequency and
changing the transportation pattern of AGVs could have a
significant impact on the overall material flow in a hospital.

The operation or production schedules of ORs, the CSPD, kit-
chen and other departments must be considered when mak-
ing even minor changes to an AGV system. Hospital logistics
planners are struggling to determine which changes should
be made to the AGV system to handle the complexity of sev-
eral types of material flows (Benzidia et al. 2019). The decen-
tralised planning of the different units complicates the
decision-making process when the goal is to improve trans-
portation performance. Therefore, the AGV allows for only
minimal adjustments and results in low flexibility.

In contrast, the second strategy aims to achieve high
performance regarding flexibility and the provision of high-
quality service in deliveries. The inventory is centralised with
the purpose of sharing all sterile instruments among differ-
ent departments. Applying the kanban system allows for
keeping inventory levels and costs low. This improves the
quality of the services in hospital supply chains, moving
away from a push with a high buffer towards a pull with
just-in-time deliveries (Papalexi, Bamford, and Dehe 2016).

Table 4. Results of performance measurements conducted in the three case hospitals.

KPI Hospital A Hospital B Hospital C

Flexibility
Demand changes High – Personnel schedules can be

adapted easily
Low – The AGV system can adapt to

changes, but this may result in
longer wait times

Medium – The AMR can adapt
to changes

Routing or path changes High – Personnel can easily make
routing or path changes

Low – Technical staff must invest
many hours adjusting AGV guide
paths, sensors, etc.

High – The AMR can autonomously
find alternatives

Add new pickup and delivery points High – New areas can be
added easily

Low – Technical staff must invest
many hours adjusting AGV guide
paths, sensors, etc.

Medium – New areas can be scanned
easily with the AMR to increase
the transportation area

Productivity
Transportation capacity Low – Personnel can only move small

carts for a single operation
High – AGVs can transport several

heavy wagons
Low – AMRs can transport a single

large wagon
Automation Low – Personnel are involved

throughout the delivery process
High – Personnel only prepare and

unload the wagons
High – Personnel only prepare and

unload the wagons
Process efficiency Low – Difficult to combine forward

and reverse transportation; many
idle periods for personnel without
goods transportation

High – The AGV system transports
many other goods and has a very
low number of empty
transportations

Medium – The AMR can transport
both sterile and dirty instruments;
nevertheless, some empty
transportations are unavoidable

Quality/Service
Delivery accuracy High – Applies the just-in-

time principle
High – Large time buffers allow the

AGVs to make deliveries on time
High – Applies the just-in-

time principle
Responsiveness Medium – While outgoing

instruments are delivered quickly,
the return of instruments takes a
long time

Low – The AGV system must manage
several material flows at the same
time; ordering and pickup times
can both occur during the
hospital’s core operating hours

High – Manages one material flow;
the AMR has short wait times and
moves rapidly

Safety and reliability High – Personnel can make quick
decisions and adapt to
new challenges

Low – AGVs cannot bypass obstacles
or errors and depend on technical
staff to fix failures and errors

Medium – AMRs can handle dynamic
areas and bypass obstacles;
however, complicated errors must
be resolved by personnel

Cost
Implementation and adjustment costs Low – Minor costs for equipment

and setup; manual transportation
can be changed easily at a
low cost

High – Physical reference points, the
IT structure that must be installed,
and high vehicle prices result in
high implementation costs;
additional adjustments
increase costs

Medium – Short implementation
time, low cost of vehicles and
equipment, adjustments can be
implemented easily

Transportation costs High – High personnel involvement
and low transportation capacity
result in high transportation costs

Low – Electricity and manual
preparation of the wagons are
incidental costs

Low – Electricity and manual
preparation of the wagons are
incidental costs

Operational costs High – High labour costs and low
transportation efficiency

Medium – Technical staff must
maintain the AGVs on a regular
basis and are needed during AGV
operation to fix problems like
removing obstacles from the
guide-path

Low – Technical staff must maintain
the AMRs on a regular basis
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This strategy requires a material handling system that can
easily adapt to changes and be responsive to deliver sterile
instruments just in time to the many point-of-use locations
throughout the hospital. In the past, it was difficult to find
an automated material handling system that could meet
these needs, so many hospitals relied on manual transporta-
tion. Thanks to recent technological advances, it has been
possible to successfully implement AMRs as a material han-
dling system for this strategy.

AMRs can find the shortest path and handle dynamic
areas by passing obstacles. This guarantees a high delivery
accuracy. Serving only one material flow allows for a high
degree of adaptation to the demand changes caused, for
instance, by increased surgical operations and responsiveness
in the case of an emergency. Furthermore, the AMR can find
ideal spots to idle and reduce pickup time. This improves
both the outgoing and return logistics of sterile instruments.
However, high responsiveness comes with the downside of
low utilisation. Therefore, the material handling system
results in poor productivity.

7. Strategic fit of material handling systems in
sterile instrument transportation

A framework can be established for the strategic fit to
achieve high performance thanks to the mapping of sterile
instrument logistics, the performance measures of sterile
instrument transportation and the identification of hospital
characteristics impacting the material handling system. The
environmental and operational characteristics set the frame-
work dimensions. Thereby, the environmental characteristics
are represented by two sets: concentrated pickup and deliv-
ery points and a high ratio of vertical to horizontal transpor-
tation (E1) and widespread pickup and delivery points and a
low ratio of vertical to horizontal transportation (E2). The
operational characteristics are represented by the two strat-
egies described in the previous section: centralised sterile

processing, decentralised storage and scheduled deliveries
with a high time buffer (O1) and centralised sterile process-
ing, centralised storage and just-in-time deliveries (O2).

Although the analysis of sterile instrument transportation
positions the material handling systems, the performance
measures (low, medium and high) reveal the fit of the mater-
ial handling systems for sterile instrument transportation (see
Figure 5).

The strategic fit framework shows both the advantages
and disadvantages of the material handling systems in
sterile instrument transportation, thus exposing several
interesting trade-offs. High productivity can be achieved
with high automation. However, these achievements come
with high flexibility and a drop in quality. Furthermore,
the logistical setup must be adapted to handle the long
delivery times.

Hospitals with concentrated pickup and delivery points and
a high ratio of vertical to horizontal transportation can mainly
rely on a manual material handling system with low automa-
tion (e.g. person elevators) or high automation (e.g. industrial
paternoster) support. The investment in automation must be
foremost in vertical support systems. Low investment in eleva-
tors can form bottlenecks, leading to long waiting times, thus
reducing performance quality and flexibility.

However, it is difficult to achieve high productivity with
manual material handling systems. Keeping the communica-
tion level high with all departments to enable scheduling
the personnel responsible for sending and receiving goods
requires a highly advanced IT system, which hospitals often
do not have. Without the support of such a system, the per-
sonnel must make decisions regarding transportation sched-
uling and routing on their own. Human involvement in this
decision-making process can lead to inefficient routing, poor
sequencing of transportation, excess transportation and
other problems. Some of these transportation inefficiencies
have been identified in previous studies (Benzidia et al. 2019;

Figure 5. Strategic fit framework of the material handling systems for sterile instrument transportation.
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Moons, Waeyenbergh, and Pintelon 2019) and are confirmed
in the present one.

Implementing an AGV system in a hospital merely for the
sake of automating the material flow will not necessarily
bring a positive return on investment or achieve better per-
formance than a manual approach (Chikul, Maw, and Soong
2017). The high implementation costs of an AGV system can
only be financially justified when they cover as many mater-
ial movements in a hospital as possible and reduce overall
manual transportation. Achieving high utilisation of AGVs
leads to large buffers to handle the different material flows
in hospitals. Prioritising single material flows can improve the
responsiveness of the system, hence the quality of transpor-
tation as well. However, just-in-time deliveries are still rarely
feasible. Furthermore, the transportation performance of
AGVs in hospitals is vulnerable because of the dynamic envir-
onment. Interacting with people and obstacles in narrow
hallways can hinder AGVs’ performance, as they cannot avoid
obstacles and depend on support personnel to address these
failures. A recent study confirms that failures caused by
dynamic environments result in long queues of AGVs, impair-
ing their transportation performance in hospitals (Fragapane
et al. 2019).

One of the strengths of AMRs is their ability to navigate
dynamic environments, enabling high flexibility and quality
in transportation. Their intelligent navigation system sup-
ports maintaining a high level of accuracy when delivering
sterile instruments by bypassing obstacles and finding the
fastest route. AMRs can be a useful automation alternative to
the AGV system. They offer a low-cost solution and just-in-
time deliveries. However, in the future, AMRs should improve
their decentralised decision-making process to handle several
material flows and just-in-time deliveries. This will allow for
the achievement of high productivity in transportation and
close the gap with AGVs.

Finally, the introduced framework can be especially sup-
portive in the decision-making process on a strategic level.
In the planning phase of a new hospital, balancing the previ-
ously mentioned trade-offs allows for making better deci-
sions regarding the layout, logistics system setup and the
material handling system to achieve high performance.
Furthermore, it can support the decision-making process of
automating sterile instrument transportation in existing hos-
pitals by indicating which material handling systems are
most suitable for the hospitals’ characteristics and logis-
tical setup.

8. Conclusions

In the present study, the transportation of sterile instruments
in three case hospitals was investigated and compared using
KPIs to identify the strategic fit between material handling
systems and hospital characteristics. AMRs have been shown
to be a suitable alternative by providing highly flexible and
cost-efficient transportation. The forward and reverse logis-
tics in the closed loop of sterile instrument transportation
can produce powerful benefits from such a material handling
system. Sterile instruments can be delivered just in time to

point-of-use areas while centralising inventory. The rapid
return of goods can enable CSPDs to distribute duties more
evenly across the workday while avoiding bottlenecks during
washing. AMRs might also help reduce throughput times by
returning instruments to the CSPD’s storage area more
quickly, thus reducing inventory levels and providing a buffer
against increasing demand.

Due to their size, AGVs are often unable to enter depart-
ments, instead delivering only to a predetermined nearby
area. However, AMRs can enter departments and deliver
materials closer to the point of use because of their intelli-
gent navigation system and smaller size. Integrating AMRs
more deeply into the departments, as seen in Hospital C, can
help hospitals increase efficiency and meet demand.
Currently, the last 50 m, which refers to the innermost area
of a hospital department, have not undergone automation.
The AMRs’ ability to work in dynamic environments along-
side patients, nurses, doctors and visitors can lower the need
for manual transportation not only in the last 50 m, but also
in the entire hospital. The present study and recent study by
Fragapane et al. (2020) show that mobile robots have been
widely accepted in hospitals and can collaborate with hos-
pital personnel.

The current study contributes to the development of the-
ory by defining the adequate KPIs for assessing sterile instru-
ment transportation. Furthermore, it demonstrates the
strengths and weaknesses of different material handling sys-
tems, explaining how AMRs can support logistics in hospitals.
The strategic fit framework will support practitioners in man-
aging sterile instrument logistics, especially indicating how
to automate transportation.

One of the present study’s limitations is its exclusive focus
on European hospitals. Each facility’s layout and its person-
nel’s degree of acceptance of robots have a significant
impact on decisions regarding material handling systems in
hospitals. Future research should investigate how this
innovative AMR technology should be planned and con-
trolled in different types of hospitals and for different mater-
ial flows. In addition, future research could determine the
most suitable ratio of vertical to horizontal transportation for
automated material handling systems.
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Appendix A

Semistructured interview guide:

A. Background
� Please introduce yourself (position and responsibilities, career

background and years of employment)
B. General and environmental information about the hospital

� When was the hospital built, and what main changes have
been made until now?

� What kind of hospital is it, and what does it specialise in?
� How many beds does the hospital have?

� How are the departments distributed in the hospital?
C. Sterile processing

� Where is the sterile processing department located?
� How are the resources for washing, inspection, packaging and

sterilisation planned?
� What are the minimum, maximum and average process times

for washing, inspection, packaging and sterilisation?
� How are the carts and material handling equipment washed

and checked?
D. Inventory

� Is the storage centralised or decentralised?
� Where is the storage area located?
� Describe the inventory control and refill process.
� Describe the process from receiving an order until sending

the cart.
E. Material handling and transportation

� What type of material handling system and equipment is used
in the hospital?

� When was the material handling system implemented?
� How many pickups and delivery points are there in the hos-

pital? How are they distributed?
� Explain the pickup and delivery process.
� Who is responsible for the loading and unloading activities?

How are the employees informed when the carts arrive at
the department?

� How is the communication carried out between the material
handling system and employees, doors, elevators, etc.?

� How is the human interaction with the material handling equip-
ment? How is the collaboration and acceptance between
employees and the automated material handling system?

� Are elevator bottlenecks in the hospital?
� What problems or disturbances have occurred regarding the

material handling system and transportation of sterile instruments?
� Describe the maintenance of the material handling equipment.
� What is the infection control process of the material handling

equipment? How do you clean the material handling equipment?
F. Point of use

� Describe the ordering process of sterile instruments.
� How many people are involved from the pickup and delivery

points at the department level to the point of use?
� Who is responsible for picking up the carts at the department

level, preparing the return of soiled instruments and sending
carts back?

� How are the sterile instruments received and checked for com-
pleteness or right of order?
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