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Abstract: Health service providers in developed nations are responsible for 5% of their national
carbon emissions, much of which originate from transport and supply chains. Connected autonomous
freight vehicles (CAV-Fs) offer the potential to reduce this impact and enable lower cost operations,
with trials being explored across the world. Transportation and carriage regulations, particularly in
relation to the movement of dangerous goods (DG) such as medicines and diagnostic specimens,
have not been developed for and applied to this new transport mode, particularly where loads are
unaccompanied. Through an audit of current legislation and practice, this paper evaluates current
DGs regulations applied to the transportation of medical products and medicines by autonomous
road vehicles. Where existing regulations are not appropriate for CAV-Fs, recommendations and
adaptations have been proposed to support safe and practical application. Remote monitoring and
tracking of vehicles are critical for ensuring load security, quick and effective incident response, and
management of documents and communications between parties. Loading/unloading procedures
are significantly more important than in crewed vehicles, with load segregation and recording of
all activity being of key importance. Other recommendations relate to training provision, vehicle
specifications, and product health monitoring.

Keywords: CAV-F; autonomous freight; dangerous goods; medical deliveries; policy

1. Introduction

Health services in developed nations are typically responsible for around 5% of their
national carbon dioxide footprint, which is a key area of focus in the effort to reduce global
emissions [1]. The UK’s National Health Service (NHS) is targeting net-zero emissions by
2040 and has highlighted the need to change transport behaviours in order to achieve this
goal [2]. Despite emissions from transport being a globally recognised problem, effective
logistics strategies have been highlighted as critical to the success of healthcare supply
chains and patient care outcomes, and any alterations to existing NHS transport systems
to mitigate emissions must not affect the overall effectiveness of operations [3,4]. As
part of this endeavour, new logistics systems are being explored using innovative freight
modes such as autonomous (driverless) vehicles [2,5,6]. The nature of healthcare logistics
means that many loads fall under dangerous goods (DG) legislation which dictates how
specific items must be packaged, handled, and transported. These regulations have been
designed around the traditional (crewed) road-based freight modes of light and heavy
goods vehicles (LGVs and HGVs; i.e., vans and trucks), which undertake the majority
of NHS logistics. This paper reviews and investigates how these regulations apply to
autonomous freight vehicles and identifies any gaps in their coverage, before providing
recommendations to health authority logistics providers who wish to utilise driverless
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autonomous vehicles within their supply chains and benefit from their operation. This
critical review has been undertaken to better inform practice with regard to the application
of dangerous goods regulations to autonomous vehicles, giving all stakeholders reassurance
in their use. These would include logistics companies, healthcare staff, autonomous vehicle
manufacturers, national regulators, policy makers, and the scientific community testing
the use of autonomous vehicles. Within this review, the term ‘medical products’ includes
medical devices, testing and pathology samples, medicines, blood units, blood products
and personal protective equipment (PPE).

2. Literature Review

Connected autonomous freight vehicles (CAV-Fs, often referred to as droids or driver-
less vans/trucks, Figure 1), whilst not currently in widespread use, have featured in many
pilot studies, and interest in their application is growing at pace [7,8]. These vehicles are
seen as a possible way to extend the active operational time of freight operations beyond
the limitations of current drivers’ hours regulations without additional staffing costs [9],
whilst also helping to reduce congestion at peak times. In a healthcare setting, significant
opportunities are envisaged for CAV-Fs in relation to long-distance trunking movements
(e.g., delivering blood units to hospitals) and to areas in which regular and habitual
“milk-round” style operations are used (e.g., collecting diagnostic specimens from GP
surgeries). Despite the potential benefits, it is often seen that the regulations governing
autonomous vehicles significantly lag behind the technology available, creating barriers to
their adoption [10].
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Furthermore, medical logistics (i.e., the transportation of medical products) also pro-
vides an ideal testbed and use case for autonomous technologies where public perception
may be limiting their more widespread implementation. Making deliveries autonomous by
using driverless modes is also likely to minimise onward transmission of airborne viral
infections, particularly important during the recovery from the COVID-19 global pandemic.

Whilst case studies tend to be on a more experimental basis, there are some examples
of CAV-Fs being used for the delivery of medical supplies. Nuro have been transporting
prescriptions using autonomous road vehicles to homes in Texas, USA [12], and medical
goods and PPE in California, USA [13] with further examples summarised in Table 1.
It should be noted that whilst several cases may already be transporting DGs, they are
not necessarily subject to regulations due to operating speeds being below those at which
DGs regulations apply (typically <25 km/h), or are undertaking operations using private
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roads [14]. Some nations are expanding their definition of which modes are subject to
DGs regulation as new transport methods emerge [15], and appropriate practices and
adaptations are needed to ensure safety when regulations start to apply.

Other autonomous delivery systems (e.g., Starship Technologies’ pavement droids)
could also be suitable for medical supply such as prescriptions whilst minimising infection
risk [16]. Further benefits have been identified by Bhargava et al. [17] who simulated DGs
movements in CAV-Fs through the Dartford-Thurrock River Crossing Tunnel in the UK.
It was found that tunnel closures required under DGs regulations to allow safe passage
of vehicles carrying DGs could be reduced if autonomous vehicles were used, as well
as reducing road traffic congestion. Another CAV-F study by Engler [18] highlighted
the lack of reference to such modes in the DGs regulations, and at present, there is no
consistent legislation for CAV-F use, although applications are typically handled by the
national transport authority (or associated body). In the case of the UK, the Centre for
Connected and Autonomous Vehicles under the Department for Transport oversees these
developments [19].

Table 1. Summary of existing medical case studies for CAV-Fs.

Case Study Vehicle Cargo Approx. Distances

Nuro–Texas, USA and
California, USA [12,13] Road-based CAV-F Prescriptions, PPE Not stated. Suggested within

local town

NAVYA–Florida, USA [20] Road-based CAV-F Diagnostic specimens Drive-thru testing site to
nearby analysis lab

Kiwibot/Freedom
Robotics–California, USA and
Denver, USA [21]

Pavement-based CAV-F PPE, medical supplies Not stated. Suggested within
local area

JD.com–Wuhan, China [22] Road and pavement-based CAV-F Medical supplies, meals Within hospital site, between
local hospitals

Many medical products can be classified as DGs, and it is important for logistics
operators transporting such items to be able to meet the associated regulatory requirements
and ensure relevant modes can be used to transport DGs legally and effectively [23]. Grote
et al. [24] investigated the implications of DGs regulations on the transport of medical
cargoes via autonomous airfreight (i.e., via Uncrewed Aerial Vehicles; UAVs). Freighting of
DGs is broadly addressed by the “UN Recommendations on the Transport of Dangerous
Goods-Model Regulations” [23] and is subsequently adapted to suit the travel mode
by the appropriate regulatory body. For air transport, this is generally handled by the
International Civil Aviation Organization (ICAO) due to the international nature of air
travel [25]; however, for road transport, there are national and regional variations of these
rules and guidance to suit different requirements and standards.

In Europe, the “Accord européen relatif au transport international des marchandises
dangereuses par route” (The European Agreement concerning the International Carriage
of Dangerous Goods by Road, more commonly referred to as the ADR) addresses these reg-
ulations [14], whilst in the USA, they are covered by the Pipeline and Hazardous Materials
Safety Administration (PHMSA) [26]. There is, however, a certain level of harmonization
across different nations [27], and as such, this study focuses on the ADR which covers
the requirements and methods for the carriage of DGs by road, including items such as
packaging requirements and vehicle specifications. Some variations occur depending
on whether goods are transported internationally or domestically [14]. Enforcement of
these regulations is generally managed by the respective nation in which the transport
is occurring.

As noted by Grote et al. [24], existing ICAO DGs regulations do not explicitly cover
movements using autonomous aerial vehicles, and this is also the case with ground based
autonomous freight vehicles and the ADR, with technology outpacing regulation in a
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similar fashion to the “pacing problem” [28]. There has been some interest by the PHMSA,
requesting information from stakeholders on areas of concern arising from autonomous
DGs transport on land, but no further developments have been recorded to date [29]. Under
commission by the PHMSA, APT Research Inc. [30] produced a study of the use cases
and potential for safety improvements offered by autonomous systems, generally focusing
on bulk movements of nonmedical products (e.g., fuels), but safety issues regarding au-
tonomous transport were not identified. A further study noted some of the technological
challenges of autonomous freight applications but did not directly address the challenges
associated with moving DGs transport beyond the higher security risks [31].

CAV-Fs have seen a growth in operational cases in recent years, particularly in the
healthcare sector; however, there is no direct coverage of such modes in the ADR. Whilst
the regulations are fully updated every two years to reflect changes in technology [32], an
interpretation of these regulations in relation to specific medical use cases using CAV-Fs
does not currently exist to the best of the authors’ knowledge. There also appears to be
limited understanding or awareness of the effects new transportation modes may have
on the quality, stability, and safety of the medicinal products being carried [33]. In the
development of any such standards, safety should be introduced by design, particularly
where DGs are concerned [34].

This paper aims to (i) perform an audit of existing regulations, governance, and best
practice for DGs transportation by CAV-Fs, focusing mainly on the area of medicines and
medical products; (ii) use the audit to identify gaps in regulatory coverage and application
with regards to the delivery of DGs by CAV-Fs; and (iii) summarise the findings into a
methodology for CAV-F operators to follow when transporting DGs.

The remainder of this paper is structured into four sections: Section 3—Methodology,
setting out the methods and sources used in the audit; Section 4—Audit Findings, which
covers the applicability of DGs regulations to CAV-Fs carrying medical products, incorpo-
rating exemptions, and packaging standards; Section 5—Discussion, highlighting the im-
plications of the regulations in this setting, and what it means for training, documentation,
vehicle standards, handling, security, and non-DGs-specific regulations; and Section 6—
Conclusions and Recommendations, where the key findings are drawn out and suggested
future research areas are proposed.

3. Methodology

To ensure a thorough understanding of the current DGs protocols in this area, the
methods used in this research comprised an extensive audit of legislation and published lit-
erature (over 70 journal, conference and legislative papers, and other sources were reviewed
as part of this research up to May 2021) by appropriate governing bodies, regulators, exist-
ing operators, and academia. The findings were subsequently collated and summarised
before an advisory methodology for CAV-F operators carrying DGs was produced.

Due to the study’s focus on the transportation of DGs by road, the main source used
in the regulations audit was the ADR, published by the European Commission in two
volumes [14,35]. The ADR generally applies to European nations; however, it aligns with
the UN Recommendations on the Transport of Dangerous Goods [23], which forms the
basis of most international regulations, and as such, the contents of this review will largely
apply to other national standards. Some exemptions and amendments to the ADR are
laid out in Directive 2008/68/EC of The European Parliament and of the Council [36]. A
more holistic view of the regulations is provided in this research, but local variations are
explored where appropriate. An audit checklist is provided in Table A1.

In this paper, CAV-Fs have been assumed to be no larger than a typical Light Goods
Vehicle (LGV) of approximately 10 m3 of cargo space and total gross vehicle weight of less
than 3.5 tonnes [37]. LGVs are typically used in urban logistics due to their maneuverability
and often the mode of choice in the medical use cases explored here.

The research process outlined in Figure 2 was designed to (i) draw out use cases and
the specific products transported in the medical setting; (ii) identify and classify the goods
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involved; (iii) explore how exemptions may apply to the goods and transportation by
CAV-Fs; (iv) identify approaches used in other industries to support the use of CAV-Fs,
including practices that can be transferred to the medical logistics domain; and (v) explore
how other non-DGs-specific regulations would apply to the goods and modes of interest.
Any exemptions from regulations were carefully studied so that suggested practices were
not excessively cautious, and important factors were not excluded from the study.
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Figure 2. Research methodology process used in exploring the application of medical DGs in CAV-Fs.

The methods used in this study align with those presented by Grote et al. [24], which
gave stakeholders a thorough interpretation of the relevant areas of DGs regulation imple-
mentation for another emerging transport mode (i.e., UAVs).

4. Audit Findings–Identification of Regulations Applicable to CAV-Fs Carrying Medical DGs

The following section highlights the classification of CAV-Fs as a mode of transport;
the types and characteristics of medical goods carried by CAV-Fs; and any exemptions
which apply as a result of these arrangements.

4.1. Application of Road Transport Dangerous Goods Regulations to CAV-Fs

Before considering how to apply DGs regulations, the question of whether CAV-Fs
are covered by the requirements of the ADR needs to be addressed. Unlike the ICAO DGs
regulations that apply to any freight carried by air regardless of vehicle type [25], there
are several definitions of vehicles referenced throughout the ADR. The first states that ‘the
term “vehicle” shall mean motor vehicles, articulated vehicles, trailers and semi-trailers,
as defined in Article 4 of the Convention on Road Traffic of 19 September 1949’ [14]. The
subset of definitions from this Article have been laid out in Table 2, and there are further
variations as set out by the European Commission [36], where a vehicle is defined as having
at least four wheels and a design speed exceeding 25 km/h. Based on these definitions and
the assumption that CAV-Fs would operate in a similar manner to existing LGVs, CAV-Fs
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would be subject to the ADR regulations. During testing periods, speeds may be limited
under autonomous vehicle approval processes and, as such, may not qualify as a vehicle
under the definitions in the ADR [38].

Table 2. Vehicle definitions.

Term Definition Source

Vehicle
“ . . . motor vehicles, articulated vehicles, trailers and semi-trailers, as
defined in Article 4 of the Convention on Road Traffic of
19 September 1949 . . . ”

ADR Vol 1. Article 1 [14]

Motor Vehicle
“ . . . any self-propelled vehicle normally used for the transport of persons or
goods upon a road, other than vehicles running on rails or connected to
electric conductors.”

Convention on Road Traffic
1949 Article 4 [39]

Articulated Vehicle
(and Semi trailer)

“ . . . any motor vehicle with a trailer having no front axle and so attached
that part of the trailer is superimposed upon the motor vehicle and a
substantial part of the weight of the trailer and of its load is borne by the
motor vehicle. Such a trailer shall be called a ‘semi-trailer’.”

Convention on Road Traffic
1949 Article 4 [39]

Trailer “ . . . any vehicle designed to be drawn by a motor vehicle . . . ” Convention on Road Traffic
1949 Article 4 [39]

Vehicle

“ . . . any motor vehicle intended for use on the road, having at least four
wheels and a maximum design speed exceeding 25 km/h, and any trailer,
with the exception of vehicles which run on rails, mobile machinery and
agricultural and forestry tractors that do not travel at a speed exceeding 40
km/h when transporting dangerous goods.”

Directive 2008/68/EC
Article 2 [36]

Driver
“ . . . any person who drives a vehicle, including cycles, or guides draught,
pack or saddle animal or herds or flocks on a road, or who is in actual
physical control of the same.”

Convention on Road Traffic
1949 Article 4 [39]

Category L Vehicle “Motor vehicles with less than four wheels . . . ”
Consolidated Resolution on
the Construction of Vehicles
Section 2 (R.E.3) [40]
Referenced in [35]

Category N Vehicle “Power-driven vehicles having at least four wheels and used for the carriage
of goods . . . ”

Consolidated Resolution on
the Construction of Vehicles
Section 2 (R.E.3) [40]
Referenced in [35]

Transport Unit “ . . . a motor vehicle without an attached trailer, or a combination consisting
of a motor vehicle and an attached trailer . . . ” ADR Vol. 1 Section 1.2 [14]

A key issue in any supply chain involving multiple transport modes relates to how
cargoes are safely transferred between them as part of the transhipment process. This places
additional requirements on shippers and logistics providers when DGs are involved [24].
Under such circumstances, the appropriate regulatory rules for the specific mode will apply.
For example, the ICAO Technical Instructions for the Safe Transport of Dangerous Goods
by Air covers air transport [25]; the Regulations concerning the International Carriage of
Dangerous Goods by Rail (RID) covers rail travel (in Europe, parts of Eastern Asia, and
parts of North Africa only) [41]; and the International Maritime Dangerous Goods Code
(IMDG) covers movements using ocean and waterway modes [42]. There is significant
overlap between each set of regulations, owing to the core principles originating in the UN
Recommendations for Dangerous Goods Transport [23]; however, the relevant guidance
should be consulted to ensure intermodal shipments are fully compliant. Packages which
are not fully compliant with the ADR (relating to packing, marking, and labeling require-
ments), but are compliant with the IMDG Code or the ICAO Technical Instructions, are
permitted for road transport in a chained journey. In the air-road chained transport scenario
reported by Grote et al. [24], compliance with ICAO regulations should be sufficient in
terms of packaging and labeling. However, other regulations from the ADR such as training
would still apply in this situation [14].
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4.2. Medical Substances Classified as DGs for Road Transport

Under international guidance, DGs are products or substances which, when trans-
ported, pose a risk to the safety and health of humans, animals, property, or the envi-
ronment [23]. They can be classified into at least one hazard class: Class 1—Explosives,
Class 2—Gases, Class 3—Flammable Liquid, Class 4—Flammable Solids, Class 5—Oxidising
Substances, Class 6—Toxic and Infectious Substances, Class 7—Radioactive Material,
Class 8—Corrosive Substances, or Class 9—Miscellaneous [23]. The ADR identifies an
extensive list of goods along with their classifications for road transport, their allowable
quantities, packaging standards, and any further provisions [14].

As identified by Grote et al. [24], UAVs are being considered for the carriage of
“(1) diagnostic specimens; (2) medical products (both prescription-only medicines, POMs,
and over the counter medicines, OTCs); (3) blood and organs for transfusion or trans-
plant; and (4) emergency medical equipment”. This is likely to follow, at least initially
(i.e., during the testing/introduction stage), for CAV-Fs. Under ADR regulations, transport
of many of these products is likely to involve DGs carriage [14]. The associated UN Number
and Proper Shipping Name (PSN) from the ADR are shown in Table 3 alongside some
examples of the above use cases. Some products used in medicine can also be classed
as radioactive, compressed gas, or explosive, though these have been excluded from this
study due to the additional complexity of their handling requirements, making them less
suitable for CAV-Fs.

The regulations also stipulate the packing group, in which the relative danger of a
substance is classified (I = high, II = medium, III = low); the packing instructions, in which
the standard methods for protecting the goods are listed; Limited Quantities (LQs) and
Excepted Quantities (EQs), which relate to quantity limits that can be carried; Special
Provisions, which address exceptions related to specific cases; Loading and Handling
Codes, which identify the procedures for loading/unloading, spillage, etc.; and tunnel
codes, which refer to limitations on travel through road tunnels (Table 3). These details are
explored in later sections of this paper. It has been assumed that in the expected use cases,
goods would be shipped in packaging, and not in bulk or tank form. It should be noted
that volumes relate to the whole product volume, and some products may list only the
active product contents and quantities as DGs classed substances (substances other than
those listed).

Some medicines may contain substances which are specifically listed as DGs in their
own right and are subject to the relevant restrictions related to that substance [14]. These
substances are usually the active pharmaceutical ingredient—e.g., cytotoxic chemotherapy
drug substances—but can sometimes be the excipients present in the product, for example,
flammable liquids like ethanol, used as solvent or antimicrobial preservative. This study
has investigated medicines covered under the ‘MEDICINE’ shipping description with the
caveat ‘N.O.S.’ (not otherwise specified). It should also be noted that Chapter 3.3, Provision
601 of the ADR stipulates that “Pharmaceutical products (medicines) ready for use, which
are substances manufactured and packaged for retail sale or distribution for personal or
household consumption are not subject to the requirements of ADR”, and as such are not
discussed further in this study [14]. This is similar to the ID8000 classification in the ICAO
Technical Instructions [25], though ID8000 goods remain subject to the DGs regulations.

It should be noted that in the use cases studied in this paper, UN3248 goods (medicine,
liquid, flammable, toxic, N.O.S) should not display the technical name of the medicine
in brackets after the shipping name but should display the name for the flammable com-
ponent(s) instead [14]; for example, MEDICINE, LIQUID, FLAMMABLE, TOXIC, N.O.S
(isopropanol, pentobarbital sodium). Additionally, when Class 6.2A substances are car-
ried but the infectious nature is unknown, “suspected Category A infectious substance”
should be noted after the Proper Shipping Name; for example, INFECTIOUS SUBSTANCE,
AFFECTING HUMANS (suspected Category A infectious substance).
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Table 3. Medicines and medical products likely to be carried by CAV-Fs under dangerous goods
regulations, adapted from [14,43,44]. N.O.S. is not otherwise specified. Bulk and tank specific
transport notes have been ignored because they are not relevant under this study. LQ are Limited
Quantities. EQs are Excepted Quantities. Volumes relate to the whole product volume. Some
products may list only the active product contents and quantities as DGs classed substances. Special
provisions can relate to any minor changes to the packaging, transport, or handling of the substance.

UN No.
and DGs

Class

PSN (& Packing
Group If

Applicable)

Packing
Instruction/
Provision

LQs
(Inner
Pack

Limit)
EQs Special

Provision

Loading/
Handling/

Other
Provision

Transport
Category
(Tunnel
Code(s))

Example

UN 1851
6.1

MEDICINE,
LIQUID, TOXIC,

N.O.S. (II)
P001,
MP15 100 mL

Inner:
1 mL
Outer:

500 mL

221,
601

CV13,
CV28, S2,

S19
2

(E)

Cytotoxic (Chemotherapy) drugs and
their waste products. Efudix cream,

5% w/w fluorouracil in 40 g
aluminum tube.

UN 1851
6.1

MEDICINE,
LIQUID, TOXIC,

N.O.S. (III)

P001,
LP01,
R001,
MP19

5 L
Inner:
1 mL
Outer:

500 mL

221,
601

CV13,
CV28,

S9
2

(E)

Cytotoxic (Chemotherapy) drugs and
their waste products. Paclitaxel

prepared infusion 0.9% NaCl(aq)
Patient dependant dose (70–400 mg

typically in 250–500 mL

UN 3248
6.1

MEDICINE,
LIQUID,

FLAMMABLE,
TOXIC, N.O.S (II)

P001,
MP19 1 L

Inner: 30
mL

Outer:
500 mL

220,
221,
601

CV13,
CV28, S2,

S19
2

(E)

Topical Sprays, Xylocaine Spray,
local/topical anaesthetic. Metered

dose delivering 10 mg of Lidocaine,
contains ethanol in 50 mL glass spray

bottles, (approx. 500 doses).

UN 3248
6.1

MEDICINE,
LIQUID,

FLAMMABLE,
TOXIC, N.O.S (III)

P001,
R001,
MP19

5 L
Inner: 30

mL
Outer: 1 L

220,
221,
601,

CV13,
CV28, S2

3
(E)

Topical Sprays, Rubbing alcohol or
70% v/v Isopropyl alcohol 1 L or 5 L

spray—used for disinfecting surfaces
including wounds.

UN 3249
6.1

MEDICINE,
SOLID, TOXIC,

N.O.S. (II)
P002,
MP10 500 g

Inner:
1 g

Outer:
500 g

221,
601

CV13,
CV28, S9,

S19
2

(E)

Powders for solution for injection.
Vidaza powder for suspension for
injection, cytotoxic chemotherapy,

glass vial containing 100 mg
of azacitidine

UN 3249
6.1

MEDICINE,
SOLID, TOXIC,

N.O.S. (III)
P002, LP02,
R001, MP10 5 kg

Inner: 30
g

Outer: 1
kg

221,
601

CV13,
CV28, S9

2
(E)

Powder or tablet for dilution.
Permitabs tablets containing 400 mg
of potassium permanganate for the
preparation of external solutions.

Used to cleanse and deodorise
suppurating eczematous reactions

and wounds.

UN 2814
6.2 Cat A

INFECTIOUS
SUBSTANCE,
AFFECTING

HUMANS

P620,
MP5

N/A
Under LQ

N/A
Under EQ 318

CV13,
CV25,
CV26,
CV28,

S3, S9, S15

0
(-)

Diagnostic specimens (high risk to
humans). Cultured bacterial strains of
TB tests for further analysis. Category

A infectious substances (UN 2814)

UN 2900
6.2 Cat A

INFECTIOUS
SUBSTANCE,
AFFECTING

ANIMALS ONLY

P620,
MP5

N/A
Under LQ

N/A
Under EQ 318

CV13,
CV25,
CV26,
CV28,

S3, S9, S15

0
(-)

Diagnostic specimens (high risk to
animals) Cultures from foot and

mouth disease.

UN 3373
6.2 Cat B

BIOLOGICAL
SUBSTANCE,
CATEGORY B

P650 N/A
Under LQ

N/A
Under EQ 319 S3 -

(-)

Diagnostic specimens (low risk).
Patient specimens suspected of

containing SARS-CoV-2 (specimen
from swab test).

UN 3091
9A

LITHIUM METAL
BATTERIES

CONTAINED IN
EQUIPMENT or

LITHIUM METAL
BATTERIES

PACKED WITH
EQUIPMENT (inc.

lithium alloy
batteries)

P903, P908,
P909, P910,

P911, LP903,
LP904, LP905,

LP906,

N/A
Under LQ

N/A
Under EQ

188, 230,
310, 360,
376, 377,
387, 390,

670

- 2
(E) Defibrillator

UN 3481
9A

LITHIUM ION
BATTERIES

CONTAINED IN
EQUIPMENT or
LITHIUM ION

BATTERIES
PACKED WITH

EQUIPMENT
(including lithium

ion polymer
batteries)

P903, P908,
P909, P910,

P911, LP903,
LP904, LP905,

LP906

N/A
Under LQ

N/A
Under EQ

188, 230,
310, 348,
360, 376,
377, 387,
390, 670

- 2
(E)

Defibrillator
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Class 6.2A (Biological Substance, Cat. A) and many Class 6.2B (Biological Substance,
Cat. B) substances are subject to the ADR. However, some Class 6.2B (Biological Substance,
Cat B) substances—which are either (a) unlikely to cause infection in humans or animals;
(b) do not contain microorganisms which are pathogenic to humans or animals; (c) contain
pathogens but in a neutralised form; (d) contain a naturally encountered level of pathogens;
(e) dried blood spots; (f) faecal occult; (g) blood (or components) collected for transfusion;
or (h) tissues or organs for transplant—are not subject to the ADR due to being lower
risk [14]. This is similar to the ICAO Technical Instructions [24,25]. Further exemptions
based on the quantities and packaging may also apply and are explored later in this paper.

The purpose of the transport operation can also exempt certain goods from restrictions.
Relevant to medical cargoes is exemption 1.1.3.1(e) of the ADR, which details “Emergency
transport intended to save human lives or protect the environment provided that all
measures are taken to ensure that such transport is carried out in complete safety” as
exempt from the ADR’s provisions [14]. Movement of defibrillators by CAV-F will, at least
in the short term, be for emergency situations only, and as such, UN3091 and UN3481
(applicable to batteries in/with equipment) are not considered further in this study. It
should be noted that non-urgent transport, likely for the initial delivery of such devices,
would still be subject to the ADR.

4.3. Packaging, Quantities, and Marking of Medical Products Carried by CAV-F

As discussed in Section 4.2, there are several possible exemptions from ADR require-
ments. Packaging and the quantities which are carried can dictate further exemptions from
parts, or all of the ADR. Generally, packaging must comply with the Material Safety Data
Sheet (MSDS), which is provided with all DGs. The appropriate level of packaging must
then be used, based on the DGs table in Section 3.2 of the ADR (relevant loads summarised
in Table 3 of this paper).

The majority of package specifications require at least two layers of packaging: an
inner, which is typically leakproof, and an outer, which is stronger as it is exposed to
external forces [14]. When three-layer packaging is specified, an additional “intermediate”
layer is required. Some DGs allow sharing an outer packaging with other types of DGs,
known as mixed packing. In this case, the guidance related to the more restrictive DGs
type should be followed. Outer package(s) may be placed in further packaging, known as
“overpacks”, which are enclosures used “to contain one or more packages, consolidated
into a single unit easier to handle and stow during carriage” [14]. Overpacks are likely to
be used in the setting of CAV-Fs to enable multiple sites to be served, but keep individual
consignee loads easily identifiable and quickly unloaded.

Unless transporting DGs under exemptions (detailed below), packing instructions are
given in the ADR as an alphanumeric code which refers to a specific standard. They are
typically denoted by “P” and a three-digit number, e.g., P650. There are other instructions
denoted by “R”, “LP”, or “MP”, referring to Light Gauge Metal Packaging, Large Packaging,
or Mixed Packaging provisions, respectively, which have been included in Table 3 for
completeness. The goods studied in this research are assumed to be transported in standard
“P” packaging and may be carried under “MP” provisions, which detail the combining of
DGs in outer packagings (term used in the ADR to mean more than one separate packaging).
The packagings typically used by the goods in this study are either P001, P002, P620, or
P650 specification.

Unless otherwise exempt, packaging must also be marked and labeled with the
following (note: only those points relevant to the cases of this study are featured) [14]:

- UN Number
- Orientation arrows, unless the following:

# Class 6.2 and each primary receptacle is ≤50 mL
# Inner packagings contain ≤120 mL and enough absorbent material is provided
# Inner packagings contain ≤500 mL and are hermetically sealed
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- A label indicating the hazard (e.g., UN 1851–Class 6.1 label would show the Class 6.1
Toxic Substances label)

# If dangerous for more than one reason, all dangers should be labeled (e.g.,
UN 3248 would show both the Class 6.1 Toxic Substances label and Class 3
Flammable label)

Some medical products may need to be cooled using dry ice. They are subject to
further marking requirements whereby “CARBON DIOXIDE (Solid) AS COOLANT” or
“DRY ICE AS COOLANT” should also be marked on the packaging [14]. Provided the dry
ice is packaged inside the outer packaging, gases can dissipate as needed, and packaging is
not damaged by the coolant, no further packing or marking requirements apply; however,
guidance relating to documentation and vehicle ventilation does still apply (covered in
Sections 5.2 and 5.3 of this paper, respectively).

For DGs carried by air, EASA (European Union Aviation Safety Agency) have recently
stipulated the need for a further crash-protected container to be used when goods are
carried by UAVs [45]. At present, no such requirement has been stipulated for road-based
autonomous vehicles, though certain DGs (e.g., high value, or higher risk) may benefit
from more robust cargo containment to further limit spillage in incidents.

P650 packaging is a special case of the packaging and marking standards because
UN3373 (DG Class 6.2B) cargoes can qualify for complete exemption from the ADR under
special provision 319 if P650 packaging is used [14]. P650 is specified as a good quality,
three-layer packaging, in which the primary and secondary layers must be leakproof and
not breakable [35]. “BIOLOGICAL SUBSTANCE, CATEGORY B” and the respective class
symbol must also be marked on the outer packaging. Additional factors also apply to this
standard, including a 1.2 m drop test in which the packaging is left to free fall from 1.2 m in
different orientations (base, top, sides, corner) and any damage should not compromise the
contents (ibid.). Figure 3 shows an example of some industry approved packages.
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4.3.1. Limited Quantities (LQs)

Partial ADR exemption can be achieved under the Limited Quantities (LQs) section
of the ADR. This is where DGs are carried in small quantities. Using the LQs exemption,
goods which (a) do not exceed the inner packaging limit (see LQs in Table 3) and (b) do
not exceed the outer packaging limit (30 kg gross mass for boxed packages, 20 kg gross
mass for shrink wrapped packages) can be exempt from large parts of the ADR [14]. The
regulations relevant to the modes used and goods carried in this study which still apply
under the LQs exemption are as follows:

- 1.1–1.6—relating to scope, definitions, training and safety, derogations, and transition
between ADR versions

- 1.9—relating to international travel and tunnels (covered in Section 4.4 of this paper)
- 2—relating to classification
- 3.1–3.3—relating to the detailing of DGs, naming, and special provisions.

# Excluding provision 220 (i.e., provision 220 does not apply under use of LQs)
� 220 specifies only the flammable liquid component of the substance

shall be shown in brackets after the proper shipping name

- Elements of Part 4—relating to packaging
- 5.1.2.1 (a)(i), (b), 5.1.2.2, 5.1.2.3, 5.2.1.10—relating to overpacks and marking
- 6.1.4—relating to packagings
- 7.2.1, 7.2.2, 7.5.7, and 7.5.8—relating to vehicle loading/unloading (covered in

Sections 5.7 and 5.8 of this paper)
- 7.5.9—prohibiting smoking in and around the vehicle
- 8.6.3.3—exempting LQs goods from counting towards tunnel classification (covered

in Section 4.4 of this paper)

The LQs cited in Table 3 relate only to medicines as the other load types do not
qualify for LQs exemptions. Provided the limits per package are not exceeded, significant
regulatory restrictions can be avoided. In many cases, the quantities covered by the LQs
exemption would be sufficient for CAV-F applications, though transport of larger quantities
is possible.

Packaging using LQs exemptions must still be in accordance with elements of the rules
given in Part 4 of the ADR [14]. Goods must be carried using “good quality packagings”
that can withstand the typical forces felt during transport and prevent loss of their contents.
Transhipment points are noted as a key consideration in these criteria—a factor which may
be more important if onward travel is carried out by other modes. Packagings must also
not be affected by the goods being carried (most relevant for UN3248 loads), affect the
goods being carried, allow the goods to permeate through the packaging, or allow DGs
to adhere to the outside [35]. Inner packagings should be packed in outer packagings to
prevent breakages or leaks, and outer packagings should not be overloaded to the point
where they are damaged, especially where the thermal expansion properties of any liquid
DGs are considered. Packaging must also be closed to ensure concentrations of DGs are not
significantly affected, though they must allow any gases to vent where pressure build-up
could occur. Where mixed packing is considered, DGs sharing outer packaging cannot
affect each other. Specifics of the physical material construction are detailed in Section 6.1.4
of the ADR and vary depending on the material type [35].

With regards to marking and labeling under the LQs exemption, an additional label
must be displayed on the outer packaging, indicating that it is being shipped under such
exemptions. It should be noted that this symbol is different for air transport, and as such,
any transhipment with UAVs should bear the relevant symbol variation [14]. Overpacks
can be used and must display markings as such, including the specified orientation symbols
for loading/unloading and handling.
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4.3.2. Excepted Quantities (EQs)

Excepted Quantities (EQs) offer the potential to reduce the compliance requirements
further. To qualify for this exemption, goods must be packaged such that (a) inner packaging
limits are not exceeded and (b) outer packaging limits are not exceeded (see EQs in Table 3).
Under EQs, smaller limits are imposed than by LQs limits, but only the following sections
of the ADR still apply [14]:

- 1.3—relating to training
- 2—relating to classification
- Elements of Part 4—relating to packagings

Additional standards, which are stricter than those used under normal circumstances
or under LQs exemptions, are also set for packaging standards if the EQs exemption is
used. These standards specify three-layer packaging and include details of materials, as
well as performance in stacking and drop tests (Table A2)

As with the LQs exemption, only medicines have given EQs limits (Table 3) as the
other load types do not qualify for exemption; though where EQs do apply, the quantities
covered by the EQs exemption would be sufficient for many CAV-F applications.

With regards to marking under the EQs exemption, only a label to display the exemp-
tion is required. Overpacks can be used and must display markings as such. Additionally,
the EQs label must be repeated on any overpacks. A limit of 1000 outer packagings can be
carried by any vehicle [14], though this is unlikely for CAV-Fs.

4.4. Transport Categories and Tunnel Restrictions: Implications for CAV-Fs

Transport categories are numbered 0 (most hazardous) to 4 (least hazardous) and
can also result in exemption from select sections of the ADR. In the context of medicines
and medical products using autonomous vehicles, transport categories 2 and 0 both occur
(Table 3).

Under category 2, many exemptions from the regulations are granted, provided the
total quantity carried per transport unit (see Table 2) does not exceed 333 L if the substance is
liquid, or 333 kg if the substance is solid [14]. This is described as a “small load exemption”.
Goods carried in EQs or LQs do not count towards this total. The exemptions relevant to
the goods carried in this study are as follows:

- 1.10—Security Provisions (including training, plans, and general management, see
Section 5.5 of this paper)

- 5.4.3—The need to physically carry instructions relating to what to do in accidents
(see Sections 5.2 and 5.6 of this paper)

- Part 8—Requirements for vehicle crews, equipment, operation, and documentation;
except (i.e., the following still apply):

# 8.1.2.1(a)—The need to carry transport documents relating to the goods carried
(see Section 5.2 of this paper)

# 8.1.4.2–8.1.4.5—Relating to fire extinguishers (see Section 5.3 of this paper)
# 8.2.3—Relating to training of parties other than the driver (see Section 5.1 of

this paper)
# 8.3.3—Drivers must not open packages
# 8.3.4—Lighting apparatus which produce sparks are not to be used
# 8.3.5—Smoking in and near the vehicle is not permitted (including e-Cigarettes)
# 8.4 and S15—Relating to the supervision of the vehicle (see Section 5.5 of

this paper)

- Part 9—Requirements concerning the construction and approval of vehicles

It can be assumed that, given the capacity of CAV-Fs in this study, >333 L/>333 kg of
goods is unlikely to be shipped in a single vehicle movement, particularly when packaging
of the goods and the demand for such products is considered [46–48]. As such, these
exemptions will apply for the Transport Category 2 goods covered in this paper. Category 2
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covers all of the substances listed in Table 3, except those classed as 6.2 Infectious Sub-
stances [14]. Some exemptions which are awarded under the Transport Categories may not
be appropriate for CAV-Fs; for example, security provisions are likely to be more important
due to the vehicle’s unattended nature. The individual adaptations and considerations are
addressed in subsequent sections of this paper.

Class 6.2A substances fall under transport category 0, meaning none of the above
exemptions are permitted, regardless of the quantity. Class 6.2B is not assigned a transport
category and so does not qualify for the above exemptions; however, as discussed in
Section 4.3 of this study, these substances are likely to be exempt from the ADR under
other grounds.

The tunnel codes listed in Table 3 indicate the restriction for transport through tunnels.
Assuming that the Transport Category 2 goods discussed in this paper are transported
under the exemption above, no tunnel restrictions apply. It should be noted that substances
covered by Class 6.2 are not assigned a tunnel restriction code, and as such can also travel
without restriction [14,35,49]. Additionally, any substances transported under LQs and EQs
limits are not subject to tunnel restrictions. Should these exemptions apply, the findings by
Bhargava et al. [17] are more relevant, with CAV-Fs likely to be the mode of choice through
tunnels due to the significant time savings and increased safety.

Further to DGs tunnel restrictions, some tunnels may also have local restrictions which
limit traffic depending on engine size, etc. [50]; thus, it is advisable to check such rules
when planning logistics operations.

5. Discussion–Implications, Challenges and Recommendations for CAV-Fs Carrying
Medical DGs

The findings presented in Section 4 suggest that there are many challenges to address
in the transport of medical DGs by CAV-F. Despite qualifying for several exemptions, many
gaps in regulations remain to ensure safe transport.

5.1. Training of Personnel and Implications for CAV-Fs

Compared to air transport, training requirements for movements by road are far less
prescriptive, with no strict requirements for training based on fixed roles, but rather training
which is appropriate for the level of responsibility and duties undertaken [14,24,25]. Where
goods of security concern are transported, such training should also be provided. LQs,
EQs, and transport category small load exemptions do not exempt parties from training
requirements, except driver training (detailed below).

Section 1.4 of the ADR identifies the following roles and responsibilities in the ship-
ment of goods which are relevant to the application of CAV-Fs in the transportation
of DGs [14]:

1. Consignor—determines the class and authorisation of the goods, provides documen-
tation and details to the carrier, ensures use of appropriate packaging, complies with
dispatch rules. In the context of the paper, this would be a responsible person acting
on behalf of the healthcare body (e.g., the NHS). Some of these responsibilities can be
deferred to other competent staff such as a packer. Furthermore, if the consignor is the
manufacturer/wholesaler, Good Distribution Practice would require the distribution
method (transportation via CAV-F) to be validated to confirm that the quality of the
medicine is unaffected by the means of delivery.

2. Packer—responsible for ensuring appropriate packaging is used and is labeled/marked
correctly. In the context of this paper, for the majority medical products, such proce-
dures would be performed by a trained technician following a validated procedure.
For example, patient specimens would be packed by a medical practitioner with the
appropriate documentation. In the case of high-value medicines, a pharmacist would
act as the packer, and, on occasion, the loader.

3. Loader—responsible for checking package integrity prior to loading and ensuring
that packages are securely stowed in a suitable location inside the vehicle. They must
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also comply with any special loading and handling provisions. In the context of this
study, this role is likely to be assumed by either the healthcare porters, technicians,
or other logistical support staff. In CAV-F operations, the role and training of the
loaders and unloaders is considerably more important to prevent incidents within the
cargo compartment.

4. Carrier—responsible for ensuring carriage is authorised (documents provided by the
consignor and a visual inspection is sufficient). Additional responsibilities include
checking vehicles and loads are compliant and not damaged, ensuring vehicles are
not overloaded, ensuring ADR infringements have not occurred, instructing vehicle
crews. This would be the freight company in the context of the study.

5. Unloader—responsible for checking the correct goods are unloaded and are not
damaged. Special loading and handling provisions also apply. As with loading, this
role is likely to be carried out by either the healthcare porters, technicians or other
logistical support staff in the context of this study.

6. Consignee—responsible for accepting the goods in a timely manner, unless an in-
fringement of the ADR has occurred.

Additional training requirements relating to vehicle crews are also specified in Section 8
of the ADR:

7. Drivers—responsible for the actual transportation of the goods, and completing duties
as explained in writing by the carrier. Under LQs and EQs, no driver specific training
is required; however, the driver is likely to carry out some roles on behalf of the carrier
and should be trained appropriately for these tasks. Under the transport category
small load exemption, the driver is required to be trained for a basic awareness and
for basic DGs responsibilities. An example of where training exemption is applied
is in the use of taxi drivers to regularly transport diagnostic specimens (UN3373)
without any additional training. In the context of CAV-Fs, there is not likely to be
a designated driver, so a remote operator would assume their duties instead. The
remote operator should be trained as if assuming the role of the driver because they
are ultimately in control of the vehicle and are the first to respond to incidents. It is
assumed that the operator would have feedback from the basic vehicle diagnostic
and control systems on board the CAV-F, although in the context of DGs, further
sensing would be required to achieve a level of detection and load awareness equal
to that of a traditional driver. This may include monitoring vehicle factors, such as
the ambient environment for gases, fire detection, or road shocks; or cargo specific
parameters, such as vibration, shock and temperature. Remote monitoring of many
of these parameters has been found to be beneficial to ensure safety, product quality,
and support research and development [51,52]. A trained operator should be able to
manage and interpret such information and easily convey it to consignees/consignors
as needed, or to the emergency services or responders in the event of an incident.

Further roles not explicitly defined by the ADR can be applied as operations dictate;
however, for the purposes of this paper, those described above are deemed sufficient.

Training is defined in three separate types: (i) general awareness, which covers more
generic regulations for the carriage of DGs; (ii) function-specific, which covers the regula-
tions relevant to the personnel’s role, as well as any cross-mode variations if mixed mode
transport is used; and (iii) safety, which can include the hazards of the goods carried, the
handling of goods, and emergency procedures [14].

Unless transported under LQs and EQs exemptions, a trained Dangerous Goods Safety
Advisor (DGSA) should also be appointed for each DGs movement undertaken [14]. This
person is primarily responsible for helping to prevent the risks of DGs movements, ensuring
procedures are followed, and providing guidance where needed, though they may have
other duties. Under the transport category small load exemption, a DGSA may be required,
though this is stipulated by the ADR as a decision made by the national regulatory body;
for example, in the UK, it has been stated that a DGSA is not required in this case [53].
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Training courses offered by educators are typically available in four forms: (i) basic
awareness; (ii) by hazard class; (iii) a complete training of awareness and all classes; or
(iv) DGSA training [54–56]; however, it should be noted that the only role which requires
formal certification in the use cases of this study is the DGSA [14].

5.2. Documentation for Carriage by CAV-Fs

Unless carried under LQs or EQs exemptions, or other relevant provisions, documen-
tation must accompany any DGs which are carried [35]. They may be provided through
electronic means from the consignor to the carrier but must be reproducible in paper form if
needed. In the case of CAV-Fs, the goods are not necessarily accompanied on their journey,
and as such, it may be advisable to provide the relevant local authorities with access to
the documentation should traffic incidents occur. The consignor is usually responsible for
producing the documentation, and records should be retained for at least three months.
It should be noted that under ICAO regulations, LQs still require documentation for air
transport [24,25].

Transport documentation typically contains the following (including examples) [35]:

- UN Number, e.g., UN 1851
- Proper Shipping Name (and technical name if applicable), e.g., MEDICINE, LIQUID,

TOXIC, N.O.S. (SOMULOSE SOLUTION FOR INJECTION)
- DG Class Label Number(s), e.g., Class 6.1
- Packing Group Number, e.g., PG II
- Additional details including the packaging types, quantities, consignor details, con-

signee details, and tunnel restriction codes.
- Details of coolants packed with the goods, e.g., UN 1845, CARBON DIOXIDE, SOLID,

AS COOLANT

If the goods are being carried as part of a mixed-mode (i.e., chained) journey featuring
maritime and/or air transport, the statement “Carriage in accordance with 1.1.4.2.1” should
also be used on documentation. This is a feature which is likely to be required when the
mode of this study is considered in conjunction with UAVs, as detailed by Grote et al. [24].
A template of a multi-modal DGs form is provided in the ADR, though it is not compulsory
to follow this format. Some government bodies issue their own version of this document,
and so it is advisable to check local standards [57]. Documents accompanying DGs in
Class 6.2 should also feature the consignee’s details, including contact details [35].

The “Instructions in Writing” is another document which must be carried in the vehicle
and should be accessible to all crew members in a language they understand [35]. The
document is prescribed by the ADR and covers the procedure for accident or emergency
situations, including matters such as tackling fires, and the risks posed by different goods.
Incident procedures are covered in more detail in Section 5.6 of this paper; however, in the
context of CAV-Fs, this document has little relevance given that it is very unlikely that a
crew would be on board to read and respond to incidents. Certain procedures detailed in
the document would be of key importance should an incident occur and, as such, may be
better placed with the remote operator of the vehicle. Furthermore, it may be advisable
for the vehicle to carry a QR (quick-response) code or read/write RFID (radio-frequency
identification) tag which can be read by responders to ascertain details of the vehicle
contents in the event of an emergency; features which are now commonplace in retail
logistics [58]. Existing legislation does not indicate exact guidelines and so should be
agreed with the national regulating body.

In terms of documentation beyond the requirements stipulated by the ADR, CAV-Fs
will benefit from further documentation to account for the importance of loading/unloading.
Provision 5.4.2 of the ADR details the need for a container/vehicle packing certificate where
goods are transported by sea subsequent to road transport [35]. This is a feature which
may be of importance for CAV-Fs, where goods may be loaded by the consignor, or loaders
working for the consignor, in a similar fashion to containerised road/sea transport. Whilst
not strictly required for road-only transport, it could be beneficial for consignors and their
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loaders to complete a vehicle packing certificate. This certificate typically contains certifica-
tion of condition, packaging and labeling of the goods, the positioning within the vehicle,
the specification of the vehicle, and other more minor details, as dictated by 5.4.2 of the
IMDG Code [42]. This document is provided with the Transport Documentation.

5.3. Vehicle Specifications and Equipment: Implications for CAV-Fs

Under the assumption that the goods featured in this paper are covered by the trans-
port categories exemption where possible (Section 4.4 of this paper), vehicles carrying these
goods are only required to carry 1 × 2 kg dry powder fire extinguisher for fires of class A,
B, and C [14]. Those goods not covered by the exemption (UN2814, UN2900, and UN3373)
also have the same fire extinguisher requirements due to provision S3 [35]. Additional
emergency equipment, such as warning signs, eye rinse, etc., must also be carried in some
cases. For CAV-Fs, it may be more appropriate for automated (i.e., self-deploying) fire
suppression systems, such as those described in the ICAO Technical Instructions for Safe
Transport of DGs by Air [25], to be utilised. This may increase complexity, reduce loading
capacity, and increase the cost of operating such vehicles significantly, though it may be
essential to ensuring bystander safety. For some smaller pavement droids, such a require-
ment might make them impractical. Carriage of products with dry ice requires vehicles to
be well ventilated or the driver’s compartment be sealed from the cargo [35]. This is also
less relevant for CAV-Fs but is detailed for completeness.

As detailed in Section 5.1, the remote operator of a CAV-F would ideally have access
to multiple on-board sensing and detection systems. This would include environmental
monitoring to identify fires or dry ice leaks, enabling appropriate measures to be taken.
Sensing equipment appropriate to the goods carried would need to be fitted to CAV-Fs to
ensure sufficient steps have been taken to avoid major incidents. The specification of what
is required would need to be agreed with the relevant vehicle regulator.

Placarding of vehicles is not required for the goods in this study under the assumption
they are shipped in packages. Vehicles carrying goods of Class 6.2A (UN2814, UN2900)
are required to display plain orange marking plates on the front and rear of the vehicle, as
described in Section 5.3 of the ADR [35]. Furthermore, it may be advisable to mark CAV-Fs
carrying other DGs as a matter of course to ensure that bystanders and emergency services
are aware of the contents of such vehicles.

In terms of vehicle construction, no vehicle construction requirements stated in the
ADR are relevant in the case of the goods reviewed in this paper, provided portable com-
bustion heaters are not used and lighting apparatus does not produce sparks (Section 9.4 of
the ADR). It has been assumed that the cargo compartment of such a vehicle is closed to
the external environment and appropriate stowing provisions are provided for packages.

To ensure the security of products, particularly of high value, it may be advisable to
construct vehicles with features similar to those used in high-security goods transport (e.g.,
cash transport). This may include body armouring, monitoring systems, video recording,
and specialist locks [59]; combining to limit unauthorised cargo access.

At the time of writing, there is no standardised procedure or regulation for the general
design and construction of autonomous vehicles between nations, in part due to the infancy
of the technology and its adoption [60]; however, individual nations often do have their own
governmental body responsible for supporting the regulation, testing and implementation
of such technologies. In the UK, the Centre for Connected and Autonomous Vehicles under
the Department for Transport oversees these developments [19]. As such, the specific
requirements for the construction and design of CAV-Fs more generally are not entirely
clear, though the specifics given by the ADR can still apply.

5.4. Loading/Unloading and Implications for CAV-Fs

If transporting under LQs exemptions, loaders must check to ensure that the vehicle
and crew comply with the ADR prior to the loading of any goods [35]. Noncompli-
ance in any aspect will prevent any loading. When loading, any orientation markings
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should be followed and suitably stowed/fastened so that the goods cannot be damaged or
change orientation.

Packages should only be stacked if they are designed as such. Vehicle crews must not
open any packages, and care must be taken to prevent damage during loading. If a leak is
found when unloading, the vehicle must be safely and appropriately cleaned.

In addition to these provisions, the goods in this study carried under the transport
category of small load exemption must also not be loaded on top of, or in close proximity to,
foodstuffs or animal feed, unless separated by a distance of 0.8 m or a physical partition [14].
Loaders must also ensure that the 333 L or 333 kg limit of this exemption is not exceeded.
Additionally, should any leaks occur, the vehicle should be disinfected before it is next used,
and other goods should be checked for contamination. Class 6.2A goods should be stowed
so that they are readily accessible and should not be exposed to heat when unloading and
storing. In the event of spillage of Class 6.2A goods onto wooden surfaces, these surfaces
should be removed and burned. No loading/unloading regulations apply to goods carried
under EQs exemptions [14].

Loading/unloading is a key matter for CAV-Fs because it is the last/first point of
human interaction with the loads before/after unattended transportation of goods. As
such, additional care should be taken when stowing goods to ensure that movement is
prevented. Section 5.2 identified that, whilst not compulsory, completing a vehicle packing
certificate when CAV-Fs are used may be an appropriate precaution to ensure steps have
been taken to prevent spillage, etc. during the journey, particularly if the loading is not
completed by the carrier. For rail transport, the RID specifies that “devices to facilitate
securing and handling of the dangerous goods” should be provided where possible [41].
This provision may also be recommended for CAV-Fs to further guarantee secure fastening
and stowage.

Provisions may also be needed to ensure loads are easily identifiable if the vehicle is
serving more than one consignee in the same trip. This may take the form of an on-board
locker type system used in some CAV-F trials and require identification to enable access to
each compartment for practical and security reasons [61].

5.5. Security and Implications for CAV-Fs

Security is of particular importance for CAV-Fs, which, whilst lockable, are not phys-
ically supervised during transit and so may be more susceptible to attempted break-ins
or damage. Many medicines, benign or dangerous, can often be high value, such as some
cytotoxic drugs (Class 6.1) [62], or can be of high consequence, and so may be subject to
tampering or theft.

Under the assumption that goods in this study are carried with LQs, EQs, or transport
category small load exemptions, the security provisions of the ADR do not need to be
addressed, except for those goods with Class 6.2A (detailed below) [14]. Those loads
transported under the transport category small load exemption must still comply with
regulations relating to vehicle supervision, whereby vehicles carrying DGs must either be
(a) directly supervised or (b) parked, unsupervised in a secure facility. Further options are
available where (a) or (b) is not possible.

Where a CAV-F vehicle is not likely to be supervised during the journey itself, it would
be advisable for the vehicle to be lockable after its departure from the consignor/loaders
until it reaches the supervision of the consignee/unloaders. Rest stops are not required by
CAV-Fs, so intermediate stops are unlikely.

Additional provisions which may be beneficial include high security (i.e., protected
from cyber-attack) GPS tracking of both the vehicles and packages to ensure the where-
abouts of vehicles and cargoes are known and enhanced cargo bay/container security.
Further details of vehicle construction for security purposes were detailed in Section 5.3.
It should be noted that nonsecure GPS tracking may be counter-secure if it can be used
to locate and attempt load theft. Appropriate insurance for both the carrier and con-
signee/consignor would also be advisable.
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Substances identified as Class 6.2A have been identified as “high consequence” in
Section 1.10.3 of the ADR [14]. This means that it poses a significant threat if misused in
terrorist activity. As such, a comprehensive security plan must be in place, provided (a) the
specific allocation of competent and qualified security; (b) records of the goods involved;
(c) a comprehensive review of security risks, including stops and transhipment points;
(d) a written response to the security risk review, detailing training, policy interventions,
operations interventions, and equipment and resource provisions; (e) detailed procedures
for handling of security issues; (f) detailed procedures for reviewing plans; and (g) measures
to protect the security of the plan and its distribution [14]. It is also advised that tracking is
applied to such goods. Vehicles carrying Class 6.2A substances can be left unattended on
the provision that the cargo is protected from illicit unloading (e.g., through using a lockable
compartment), but should not be left unattended near inhabited or frequented places.

5.6. Traffic Safety and Incident Procedures: Implications for CAV-Fs

Most national driving regulations will also stipulate procedures to follow when traffic
incidents occur on roads; for example, in the UK’s “Highway Code”, rules 281–283 provide
procedural details such as informing the emergency services, turning off engines, etc. [63].
Additional guidance may also be provided for incidents with DGs vehicles, highlighting the
need to prevent smoking near the vehicle, as well as assisting public drivers in identifying
such vehicles [63]. Under the ADR, when incidents or accidents occur, it is stipulated that
the “Instructions in Writing” should be followed (see Section 5.2 of this study). These
instructions should help to limit the extent of any damages or exposure to DGs.

Serious accidents or incidents which take place during loading, carriage, and unload-
ing of DGs should be reported by the responsible personnel (e.g., incident during loading
is reported by loader) to the national transport authority. For example, this authority
would be the Department for Transport in the UK [64] or PHSMA in the United States [65].
Reportable incidents relevant to this study include when the following occur [35]:

- There is an imminent risk of loss of product (DG Class 6.2A only in this study);
- Personal injury occurred where intensive medical treatment or a hospital stay was

needed, or where an individual is left unable to work for ≥3 days;
- Material or environmental damage of ≥€50,000 occurred;
- The emergency services close or evacuate an area for ≥3 h due to the goods involved.

A model reporting structure is provided by the ADR (1.8.5.4) and covers details such
as contact information, mode, location, weather conditions, the DGs involved, causes,
and consequences.

Whilst there is no explicit requirement in the ADR to record near misses or minor inci-
dents, it would be strongly recommended to follow similar procedures to major incidents
for internal purposes, involving any involved parties.

In the context of this paper, it could be seen that carriage of DGs by CAV-Fs reduces
the overall risk for those directly involved with the transport, e.g., no vehicle crew on board
minimises exposure risk; however, in the event of an incident, the risk to those nearby may
be greater. This is, in part, due to the removal of a crew which can immediately respond to
any incident. As discussed in Section 5.4, certain additional vehicle provisions beyond the
scope of the ADR, such as fire suppression systems, may be more appropriate for tackling
some emergency situations.

To assist with incident procedures, vehicle details and location tracking should be
shared with the relevant authorities (e.g., police, etc.), as well as identifying a responsible
person who can attend the incident on behalf of the carrier, should one occur. The remote
operator would be the party responsible for managing and reporting the incident. Under
the LQs, EQs, and transport category small load exemptions, vehicles are not required to
be marked with orange DGs panels or placards; however, if a vehicle is not supervised
it may also be more appropriate to mark vehicles beyond these requirements to prevent
accidental exposure to members of the public, though this should be agreed with the
national regulatory body.
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Health service organisations may have additional requirements (beyond those detailed
in DGs regulations) for incident response. Such protocol would be subject to dialogue
between the vehicle operators and health service provider when agreeing to contractual
arrangements [24,66]. Such requirements may include the following:

- Direct communication with the health service to provide expert advice on package
handling and clean-up. Incidents can also be logged in the health service’s risk
management reporting system.

- Inform the health service organisation of transport issues that could affect the integrity
of goods (e.g., excessive delays, temperature extremes).

- Specific spillage procedures and equipment.
- Requirements to carry out environmental monitoring in the vehicle.

Any application of CAV-Fs would need to consider these issues.

5.7. Other Regulatory Considerations and Implications for CAV-Fs

Further to the DGs regulations, approvals from other regulatory bodies may be re-
quired for some goods given the nonstandardised mode considered in this study. In the
UK, the Medicines and Healthcare products Regulatory Agency (MHRA) requires Good
Distribution Practice (GDP) to be maintained throughout transportation so that medicine
quality is assured [67]. Learnings from the development UAV medical deliveries are useful
to consider here, whereby evidence-based validation proved vital before acceptance of
GDP audited operations. For example, Amukele et al. [68] tested the effects of UAV flight
on appropriately packaged blood samples and found that nondamaging transport is only
possible with strict environmental regulation. Oakey et al. [33] identified that ampoules
of insulin for injection flown on typical flight operations were not adversely affected by
vibration. To the best of the authors’ knowledge, no studies currently exist which have
studied the on-board conditions with regards to transporting medical supplies using more
novel forms of road transport, e.g., CAV-Fs. Although concerns are being addressed for
established methods, cycle deliveries show differences in vibration compared to other road
transport modes [69]; thus, sensitive medical products packaging specifications should
reflect these differences to meet the requirements of both the ADR and GDP.

Transportation of medical products by autonomous vehicles was likely not a major
consideration when the MHRA developed its recommendations and guidance associated
with good distribution practice. However, with its focus on maintaining the quality of
the medicines transported, and thereby preserving patient safety, this framework can
accommodate new developments in transport [70]. In the case of temperature-sensitive
medicines, data loggers are typically used to monitor the temperature during the journey,
and such systems, operating in real-time, could easily be adopted within CAV-Fs operations
to provide live monitoring for the consignor and consignee. Upon arrival, these are
inspected, data is transferred, and the cargo is only accepted if the specified temperature
range has been maintained [70,71].

Maintenance of the temperature and the avoidance of excessive shock on the medicines
transported by autonomous vehicles is even more important in comparison with the more
traditional transportation approaches because the nature of these innovations means that
smaller, more frequent cargoes will be transported, and these will be more individualised
for just-in-time needs, to supply pharmacies, hospitals, and even individual patients.
Thus, real-time data logging and the provision for anti-tampering is a requirement for the
packaging used in such logistical solutions [72].

5.8. Summary Guidance under Current Provisions

Findings from the audit have been summarised in a list of key issues for CAV-F
fleet managers to consider when planning an operation involving transport of danger-
ous medicines or medical goods (Table 4). This guidance is subsequently reflected in a
flowchart in Figure 4. Any recommendations specific to the modes in question are visually
represented in Figure 5.
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Table 4. Issues to consider for CAV-F operators for transporting DGs as part of logistics operations.

Application of Road Transport Dangerous Goods Regulations (Section 4.1)

- Within the definitions of the ADR, a vehicle is typically defined as “motor vehicles,
articulated vehicles, trailers and semi-trailers, as defined in article 4 of the Convention on
Road Traffic of 19 September 1949”.

- CAV-Fs for road use are generally likely to be subject to dangerous good regulations.
- Whilst some modes may not fall within the scope of regulations, it would be good practice

to follow and exceed regulations where possible as this encourages safe practice.

Substances Classified as Dangerous Goods for Transport by Road (Section 4.2)

- CAV-F operations carrying medicines and medical product are likely to involve transport of
substances classified as DGs in classes 3 (flammable), 6 (toxic/infectious),
or 9 (miscellaneous).

- Radioactive and explosive materials (classes 1 and 7, respectively) are typically more
specialist and, as such, are not covered by the scope of this research.

- Low risk Class 6.2 Category B substances are not subject to DGs regulations.
- Pre-packaged, ready for use medicines are not subject to DGs regulations.
- Goods transported in an emergency to save human lives (e.g., defibrillator to heart attack

scene) are not subject to DGs regulations. Considerations and precautions should be made
to ensure this transport is safely undertaken should an emergency occur.

Packaging, Quantities, and Marking (Section 4.3)

- DG packing procedures depend on the substance and quantity carried.
- EQs packing instructions apply to select goods in very small quantities (e.g., 1 mL quantities

inside a package of up to 500 mL) as given in Table 3. These instructions are prescriptive but
allow operations to be exempt from all regulations except training, classification,
and packaging.

- LQs packing instructions typically apply to larger quantities (e.g., 1 L quantities inside a
package of up to 30 L) as given in Table 3. Fewer exemptions are given under LQs, with
items such as classification, packaging, loading/unloading, training, marking still applying.

- LQs and EQs limits should be sufficient for most applications (although are not available for
UN2814, UN2900, or UN3373)

- Unless otherwise stated by LQs or EQs, packaging should comply with standard packaging
specifications (e.g., P001, P002, P650, etc.) as given in Table 3. UN3373 items are not subject
to the ADR if packaged in accordance with P650 packaging standards.

- Packages must be labeled with UN number(s), proper shipping name(s), orientations, and
hazard labels unless otherwise specified.

- Dry ice as a refrigerant should be marked as such (e.g., UN1854 DRY ICE (AS COOLANT)).

Transport Categories and Tunnel Restrictions (Section 4.4)

- Transport categories identify risk levels and permitted quantities for carriage in small loads,
granting some exemptions to the ADR. These are larger than limits for goods carried as LQs
and EQs (e.g., Category 2 is limited to max. 333 L or 333 kg per transport unit).

- Goods transported under LQs and EQs do not count towards the small load exemption total.
- It is assumed that CAV-F are not likely to exceed the quantity limits imposed by the

Transport Category small load exemption, thus goods are exempt from several regulations,
most notably security provisions and tunnel restrictions.

- Where the transport category is 0, no exemption is permitted, and these goods are typically
classed as high consequence (e.g., UN 2814). The goods studied in this paper of this category
do not have tunnel restrictions.
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Table 4. Cont.

Training (Section 5.1)

- Training for DGs carriage by road is generally not formally certified and should be
appropriate for the role of the personnel involved.

- Driver training is not required under LQs and EQs operations. Basic driver training is
required for Transport Category small load operations.

- Training for all roles is given in three aspects:

# General Awareness
# Function Specific
# Safety Specific

- A Dangerous Goods Safety Advisor (DGSA) is not required under LQs and EQs operations
but may be required under Transport Category small load operations (country specific).

- Training is not formally certified, except for DGSAs. Training is typically given in courses of
the following:

# General awareness
# By hazard class
# Complete training
# DGSA training (certified)

- CAV-Fs are not likely to be accompanied; thus, training should be provided to a remote
operator assuming the role of a driver, and additional focus of loading/unloading protocol
should be given to those involved in the loading/unloading of the vehicle.

Vehicle Specifications, Equipment, and Security (Sections 5.3 and 5.5)

- All cargoes featured in this study (including those in P650 packaging) would usually be
carried with 1 × 2 kg dry powder (A, B, C) fire extinguisher.

- Some loads may require additional equipment to be carried for incidents
(e.g., eye wash, etc.)

- It has been assumed that cargo areas of vehicles are closed to the external environment.
- CAV-Fs do not generally have a defined design or manufacture criteria and are subject to the

relevant national regulator.
- Where unaccompanied, CAV-Fs would benefit from fire suppression systems in place of

extinguishers to minimise risk and damage in emergency situations. Additional marking of
the vehicle to indicate its contents is also advisable to protect members of the
public/emergency services from accidental exposure in an incident.

- Readable RFID tags or QR codes on vehicles may provide quick identification of
load contents.

- If accompanied, CAV-Fs must be well ventilated or protect vehicle supervisors from gas
build-ups.

- CAV-F cargo holds/containers should be locked and be trackable during transit. Loaded
vehicles should not be left unattended in unsecure areas.

- Use of a locker type system may enhance security and ensure unloaders only take cargoes
destined for them.

- High value or high consequence loads may benefit from storage in a crash-protected
container, vehicle armouring, specialist locking, and video recording.

- Medicines and medical products can be high value or high consequence if lost. As such,
vehicles and goods should be secured and insured as appropriate.

- Class 6.2A goods also require a full security plan and training due to their high
consequence nature.
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Table 4. Cont.

Documentation and Loading/Unloading (Sections 5.2 and 5.4)

- Transport documentation typically contains the following: UN Number, Proper Shipping
Name (and technical name if applicable), DGs Class Label Number(s), Packing Group
Number, and additional details including the packaging types, quantities, consignor details,
consignee details, and tunnel restriction codes.

- Details of coolants packed with the goods (e.g., dry ice), should also be given.
- If the goods are being carried as part of a mixed-mode journey featuring maritime and/or

air transport, the statement “Carriage in accordance with 1.1.4.2.1” should be used.
- LQs and EQs do not require documentation to accompany the load. It should be noted that

LQs do require documentation when carried by air and should be considered if part of a
transport chain.

- Loaders should check documentation, packaging, and marking is correct before loading.
- Goods should be securely stowed, preventing damage and spills from movement or impact.
- Goods should not be stowed near foodstuffs.
- It would be advisable for loaders to produce a Vehicle Packing Certificate where CAV-Fs are

used because this is the last point of contact with the vehicle.
- All documentation should be made accessible to the remote operator. Subsequently, these

should be made available for the emergency services should an incident occur.
- Instructions in Writing (procedure for incidents) should be available unless goods are

carried as LQs or EQs. In the case of CAV-Fs, it would be advisable to adapt and position
these with the remote operator.

Incident Procedures (Section 5.6)

- When traffic incidents occur, national regulations typically stipulate to inform the
emergency services. Details of the goods involved should be passed on.

- The procedure detailed in the Instructions in Writing should be followed.
- Only significant incidents have to be reported to the national regulatory body:

# Where there is imminent risk to loss of Class 6.2A products (assuming all other
products are transported under LQs, EQs, or Transport Category small
load exemptions).

# Personal injury occurred where intensive medical treatment or a hospital stay was
needed, or where an individual is left unable to work for ≥3 days

# Material or environmental damage of ≥€50,000 occurred
# The emergency services close or evacuate an area for ≥3 h due to the goods involved

- CAV-Fs are assumed to be unaccompanied, and as such should be monitored remotely by an
operator who can respond in emergency situations. Additionally, vehicle markings should
be used to inform bystanders and emergency services of the vehicle contents. Fire
suppression systems would be beneficial where an absence of vehicle crews prevents
immediate response from the carrier.

- Where spillage or breakage has occurred during loading/unloading, clean up appropriate to
the substance(s) involved should be undertaken. Consignees and consignors should
be notified.

- Health service organisations may have additional requirements (beyond those detailed in
DGs regulations) for incident response. These may include:

# Direct communication with the health service to provide expert advice on package
handling and clean-up. Incidents can also be logged in the health service’s risk
management reporting system.

# Inform the health service organisation of transport issues that could affect the
integrity of goods (e.g., excessive delays, temperature extremes).

# Specific spillage procedures and equipment.
# Requirements to carry out environmental monitoring in the vehicle.

Other Regulatory Procedures (Section 5.7)

- Regulatory authorities (e.g., the MHRA in the UK) may issue standards to ensure
environmental conditions are within acceptable ranges to ensure the stability of medical
goods (both DGs and non-DGs) transported by nontraditional transport modes. Testing to
demonstrate vehicles and packagings meet these standards may be required.
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Unlike the UAV DGs process, the process of carriage by road is somewhat less formal,
with fewer regulatory body interactions being required [14,24]. Nonetheless, where existing
legislation cannot be applied or does not directly address the requirements of CAV-Fs,
recommendations have been made; although, it is advisable to seek guidance from the
national governing body. It should be remembered the ADR is frequently reviewed to reflect
technology innovations, and as such, operations should reflect these changes. Additionally,
any transport as part of a chain with other modes would be subject to the regulations
relevant for those modes.
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6. Conclusions and Recommendations

The expanding area of autonomous road freight in the healthcare sector requires DGs
regulations to be carefully considered. This study has found that there is minimal literature
directly addressing how such regulations apply to these somewhat novel modes in logistics
operations. As with the increasing interest in UAVs for similar use cases, new modes
generally become more established before regulations and policy develops [24]. Variations
of DGs regulations for road transport already exist to support emerging modes in this area,
and it is likely that similar practice will be adopted for CAV-Fs [15]. To enable a greater
uptake of CAV-Fs in this field and realise their full benefits, consistent regulations need
to be developed. This should help to reduce barriers to implementation and the need for
authorities to review applications on a case-by-case basis.

This paper has performed an audit of existing regulations and the issues surrounding
their application to these novel modes, focusing on medicines and medical products. Where
regulations do not currently apply directly to a mode, a series of suggested practices have
been identified to promote safe transit of such goods. Further possible considerations relat-
ing to the effects of transit of both dangerous and benign medicines and medical products by
CAV-F have also been identified to assist with gaining support from healthcare regulators.

CAV-Fs will benefit from the use of loading certificates to ensure secure stowing of
goods, whilst remote monitoring of cargoes would enable appropriate and fast response
to incidents and give assurance of product quality on arrival. CAV-Fs should be tested
prior to use to ensure they do not cause the deterioration of the products carried. Future
work towards developing these standards may benefit from prioritising those interven-
tions/adaptations which have greatest importance, particularly during the testing stages of
the technologies. Such research gaps could be located by adapting the successful methodol-
ogy used for this paper (Figure 2).

Whilst this research captures findings which support the development of CAV-Fs
and their use in the healthcare sector, the study is limited to (i) specific commodities and
(ii) a specific class of CAV-F (3.5 T vehicles), both of which may restrict the breadth of
direct applications. Further investigations into a broader range of goods (e.g., different DGs
classes) and vehicle types (e.g., 7.5 T rigid vehicles, articulated HGVs, etc.) will address
these limitations and build on the findings of this study.
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Appendix A

Table A1. Audit checklist used in the investigation.

Topic Item Resources Complete

Use cases Identify CAV-F medical carriage cases Scientific Literature, Press Releases 3

Vehicle Standards Applicability of DG regs to CAV-Fs ADR, UN Documentation, Government Bodies,
Vehicle Manufacturers

3

DG Classification Applicability of DG regs specific goods ADR, Government Bodies 3

DG Exemption Exemption from DG regs in specific
sizes of loads—relate to use cases ADR, Vehicle Manufacturers 3
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Table A1. Cont.

Topic Item Resources Complete

Packaging Standards Explore packaging standards
and adaptations

ADR, Healthcare providers, Other DG Regs,
Scientific Literature

3

Training Standards Explore training standards
and adaptations

ADR, Healthcare providers, Other DG Regs,
Scientific Literature

3

Documentation
Standards

Explore documentation standards
and adaptations

ADR, Healthcare providers, Other DG Regs,
Scientific Literature

3

Vehicle Standards Explore vehicle standards, CAV-F
construction and adaptations

ADR, Healthcare providers, Other DG Regs,
Vehicle Manufacturers, Government Bodies,

Scientific Literature

3

Handling Standards Explore documentation standards
and adaptations

ADR, Healthcare providers, Other DG Regs,
Scientific Literature

3

Security Standards Explore documentation standards
and adaptations

ADR, Healthcare providers, Other DG Regs,
Secure Transport Logistics Providers,

Scientific Literature

3

Other Implications
Explore other issues associated with

handling of DG medical products
beyond the standard DG regulations

Healthcare providers, Scientific Literature,
Government Bodies

3

Table A2. EQs packaging specification. Details of tests should be “appropriately documented” [14].

Standard Requirement Reference

Construction Inner Packaging
Plastic (min 0.2 mm

thick)/Glass/Porcelain/Stoneware/Earthenware/Metal
Secure closure, leakproof

ADR Vol. 1
3.5.2(a)

Construction Intermediate
Packaging

Contains inner packaging such that it cannot be easily broken
Contains enough absorbent material for inner packaging’s contents

Leakproof

ADR Vol. 1
3.5.2(b)

Construction Outer Packaging
Contains intermediate packaging

Strong, rigid
e.g., wood, fibreboard

ADR Vol. 1
3.5.2(c)

Drop Test

Dropped from 1.8 m without breakage or significant damage:
- Flat on the base
- Flat on the top

- Flat on the longest side
- Flat on the shortest side

- On a corner

ADR Vol. 1
3.5.3.1(a)

Stack Test Loaded on the top for 24 h with the equivalent of the same package
stacked to 3 m high

ADR Vol. 1
3.5.3.1(b)
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