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Allgemeine Hinweise 

  

In dieser Dissertation wird, soweit möglich, eine geschlechtsneutrale Personenbezeichnung 

(z. B. Radfahrende) verwendet. Sollte dies nicht möglich sein, wird eine Form für alle Ge-

schlechter verwendet (z. B. der Gegner). Da diese Arbeit bereits veröffentlichte Passagen 

(teilweise in englischer Sprache) enthält, kann die Genderschreibweise hier in Einzelfällen 

abweichen. 

Die Zitierweise orientiert sich an dem Zitationsleitfaden der Fakultät Raumplanung der TU 

Dortmund (Naumann und Brezina 2020). Handelt es sich bei den Quellen um Institutionen 

(z. B. Bundesanstalt für Straßenwesen) so wurden diese im Fließtext zur besseren Lesbar-

keit möglichst mit Abkürzungen zitiert (z.B. BASt 2024). Die Abkürzung, der vollständige 

Name sowie das vollständige Zitat befinden sich im Literaturverzeichnis. 
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Unfallgeschehen von Pedelecs und  

konventionellen Fahrrädern im Vergleich
Tobias Panwinkler und Christian Holz-Rau

Pedelecs stellen eine neue Form der Mobilität dar und erfreuen sich aktuell großer Beliebtheit. Mit der wachsenden 

Anzahl an Pedelecs steigt jedoch auch das Konfliktpotenzial. In diesem Beitrag werden Unfälle unter Beteiligung ei-

nes Pedelecs mithilfe der Daten der Unfallstatistik (2014–2017) analysiert und mit dem Unfallgeschehen konventio-

neller Fahrräder verglichen. Es zeigt sich, dass Pedelecunfälle schwerer sind als Unfälle konventioneller Fahrräder. Bei 

einer relativ konstanten Anzahl an Fahrradunfällen insgesamt (Summe beider Fahrzeuge) führt eine zunehmende  

Pedelec-Beteiligung zu einem geringeren Rückgang schwerer Fahrradunfälle. Pedelecnutzende haben öfter Alleinun-

fälle, verunfallen öfter außerorts und dort öfter tödlich. Zudem sind verunglückte und insbesondere getötete Pedelec-

nutzende im Durchschnitt älter als verunglückte Fahrradfahrende. Damit belegen die Analysen, dass sich neue Anfor-

derungen an die Verkehrssicherheitsarbeit ergeben, für die diese Auswertungen als Basis dienen sollen.

Accidents involving pedelecs and conventional bicycles in comparison

Pedelecs represent a new form of mobility and are currently enjoying great popularity. With the growing number of pedelecs, 

however, the potential for conflicts also increases. In this article, accidents involving pedelecs are analyzed and compared with 

accidents involving conventional bicycles using accident statistics (2014–2017). It shows that pedelec accidents are more  

severe than accidents involving conventional bicycles. With a relatively constant total number of bicycle accidents (sum of both 

vehicles), increasing pedelec participation leads to a smaller decrease in severe accidents. Pedelec users are more likely to have 

single accidents and more likely to have accidents in rural areas (where they are even more likely to be fatal). In addition, the 

mean age of injured and in particular of killed pedelec users is higher than that of injured or killed users of conventional bicyc-

les. The analyses thus prove that there are new challenges for road safety work for which these data could serve as a basis.

1	 Einleitung

1.1 Ausgangslage

Neue technische Entwicklungen, insbeson-

dere im Bereich neuer Antriebsformen, 

haben in den letzten Jahren neue Formen 

der Mobilität ermöglicht, mit deren Hilfe 

viele Personen für den Umstieg auf um-

weltfreundliche Verkehrsmittel gewonnen 

werden konnten (BBSR 2014). Ein Beispiel 

dafür ist das Pedelec, ein Zweirad, das 

mittels Elektromotor beim Treten unter-

stützt. Dadurch wird das Zweirad für zu-

sätzliche Personengruppen attraktiv, bezie-

hungsweise kann der Aktivitätsradius ge-

genüber dem konventionellen Fahrrad er-

höht werden (Klein 2016). 

Nach Einschätzung des Zweirad-Industrie-

Verbandes beträgt der Bestand an Fahrrä-

dern 2018 in Deutschland 75,5 Millionen 

Fahrzeuge. Der Anteil der Pedelecs stieg in 

den letzten Jahren deutlich, aktuell (2018) 

wird deren Bestand auf 4,5 Millionen Fahr-

zeuge1 geschätzt (ZIV 2019).

Die wissenschaftliche Betrachtung von 

Pedelecs konzentriert sich auf den stark 

ansteigenden Bestand, die körperliche An-

strengung, die zum Fahren eines Pedelecs 

erforderlich ist sowie die gesundheitlichen 

Auswirkungen auf die Nutzenden. Die Si-

cherheitsforschung beschäftigt sich bisher 

vor allem mit dem (abweichenden) Fahr-

verhalten und Verletzungsmustern der 

Nutzenden. Vergleiche der Unfallgeschehen 

von Pedelecs und konventionellen Fahrrä-

dern, die untersuchen, ob sich unterschied-

liche Anforderungen für die Verkehrssi-

cherheit ergeben, gibt es kaum (Schepers et 

al. 2014). Die wenigen vorhandenen Arbei-

ten basieren auf Fallstudien, meist mit 

geringer Fallzahl. Diese Studien analysieren 

einzelne, vermutet typische und häufige 

Konstellationen des Unfallgeschehens. Eine 

umfassende Analyse über die Gesamtheit 

aller Unfälle von Pedelecs und konventio-

nellen Fahrrädern in Deutschland sowie 

typischer Unfallkonstellationen existiert 

bisher nicht.

1.2 Fragestellung

Die vorliegende Arbeit2 soll die Frage be-

antworten, ob sich die Verbreitung von 

Pedelecs maßgeblich auf das Unfallgesche-

hen von Fahrrädern (Pedelecs und konven-

tionelle Fahrräder gesamt) auswirkt, ob sich 

Pedelecunfälle von Unfällen konventionel-

ler Fahrräder unterscheiden (etwa schwerer 

sind) und ob sich dadurch neue Anforde-

rungen an die Verkehrssicherheitsarbeit 

ergeben. 

Zur Beantwortung dieser übergeordneten 

Forschungsfrage sollen Teilfragen beant-

wortet werden:

–	Lassen sich Unterschiede in der Unfall-

1	 Beschreibt hier Gruppe aus Pedelecs und E-Bikes.

2	 Einordnung: Die Arbeit stellt den ersten Teil der 
kumulativen Dissertation des korrespondierenden 
Erstautors dar und wurde in ihrer Gesamtheit von 
ihm erstellt. Der Co-Autor ist sein Doktorvater und 
hat die Erstellung betreut. Teil 2 wird eine vertiefte 
Analyse des Themas mit statistischen Tests und zu-
sätzlichen Datensätzen enthalten. Teil 3 ist noch in 
Konzeption. Die Promotion wird von der Bundesan-
stalt für Straßenwesen (BASt) gefördert.

■  Dokumentation

Panwinkler, T.; Holz-Rau, C.: Unfallgeschehen  
von Pedelecs und konventionellen Fahrrädern  
im Vergleich, Z. f. Verkehrssicherheit 65, (2019) 
Nr. 5, S. 336

■  Schlagwörter

Unfallanalyse, Unfallstatistik, Verkehrssicher-
heit, Verkehrsverhalten, Verkehrsplanung,  
Elektromobilität, Pedelec, Fahrrad, E-Bike
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beinhaltet jedoch keine Verknüpfung zu 
Expositionen wie etwa Bestandszahlen, 
Fahrleistungen oder Anzahl zurückgelegter 
Wege einzelner Fahrzeugarten. 

1.3 Definition

Ein Pedelec 25 (Pedal Electric Cycle 25, im 
Folgenden „P25“) ist ein Zweirad, bei dem 
das Treten von einem Elektromotor bis zu 
einer Geschwindigkeit von 25 km/h unter-
stützt wird. Der Elektromotor darf mit einer 
Nenndauerleistung von maximal 250 Watt 
unterstützen (BMVI 2017; Klein 2016). Da 
es sich lediglich um einen unterstützenden 
Hilfsmotor handelt, kann von einem Fahr-
rad laut Wiener Übereinkommen über den 
Straßenverkehr (UNO 1968) gesprochen 
werden. Basierend auf § 1 Abs. 3 StVG ist 
das P25 daher in Deutschland rechtlich 
dem konventionellen Fahrrad (im Folgen-
den „kFR“3) gleichgestellt. Folglich ist 
weder eine Fahrerlaubnis noch ein Versi-
cherungskennzeichen nötig. Das Tragen 
eines Schutzhelmes wird empfohlen, ist 
aber nicht verpflichtend. Es gelten die 
gleichen Verkehrsregeln wie für das kFR. 
Beispielsweise müssen P25 Radwege benut-

zen, wenn diese benutzungspflichtig sind. 
Das Pedelec 45 (Unterstützung bis 45 km/h) 
sowie das E-Bike sind Zweiräder, die auch 
ohne Treten elektrisch angetrieben werden 
können (BMVI 2017; Klein 2016). Sie stel-
len daher keine Fahrräder dar und werden 
deshalb in der folgenden Analyse nicht 
betrachtet.

1.4 Stand der Forschung 

Radverkehrsunfälle sind anhand unter-
schiedlicher Datengrundlagen und Frage-
stellungen in Deutschland und internatio-
nal Gegenstand zahlreicher Untersuchun-
gen. Dabei differenzieren die meisten Un-
tersuchungen nicht zwischen P25 und kFR. 
Der bei der BASt vorliegende, hier genutz-
te Datenbestand macht eine solche Diffe-
renzierung seit 2014 bundesweit möglich. 
Einzelne Auswertungen liegen hierzu be-
reits vor (siehe auch Abschnitt Datenbe-
stand), eine Auswertung des bundesweiten 
Datensatzes wird hier erstmalig vorgestellt. 

belastung und Unfallschwere von Pede-
lecs und konventionellen Fahrrädern 
erkennen?

–	Weist das Unfallgeschehen von Pedelecs 
und konventionellen Fahrrädern unter-
schiedliche Schwerpunkte auf? 

–	Können mittels demografischer Analyse 
der verunglückten Nutzenden von Pede-
lecs und konventionellen Fahrrädern 
Unterschiede festgestellt werden?

–	Können mittels Detailanalyse vertiefte 
Erkenntnisse gewonnen werden?

Um diese Fragen zu beantworten, konnten 
die Daten der Unfalldatenbank der Bundes-
anstalt für Straßenwesen (BASt) analysiert 
werden. Diese beinhalten die polizeilichen 
Angaben aller von der Polizei aufgenom-
menen Straßenverkehrsunfälle in Deutsch-
land, inklusive Angaben zu deren Unfall-
ursachen, der Art der Verkehrsteilnahme 
der Beteiligten und Verunglückten. Zusätz-
lich enthält die Datenbank Angaben des 
Kraftfahrt-Bundesamtes (KBA) zu den be-
teiligten Kraftfahrzeugen (Kfz). Die Daten 
können nach verschiedenen (kombinierten) 
Kriterien analysiert werden. Die Datenbank 

3	 P25 und kFR bilden zusammen die Obergruppe 
Fahrrad.

Das Dialog-Display trägt mit seiner emo-

tionalen Ansprache der Fahrer signi-

fi kant zur Verbesserung der Verkehrs-

sicherheit bei. Wissenschaftliche Studien

der Technischen Universitäten München und

Dresden belegen die nachhaltige Wirksam-

keit.

 Steigerung der Aufmerksamkeit

 Kindchenschema weckt Kümmerungs-

 verhalten

 Nachhaltige Reduzierung der gefahrenen 

 Geschwindigkeiten

A U F M E R K S A M

L O B E N S W E R T

www.rtb-bl.de

B
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q
u

e
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w
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kehrsunfälle mit mehr als zwei Beteiligten 
sind selten (StBA 2018b). Der Anteil der 
Alleinunfälle ist bei den P25- deutlich 
höher als bei den kFR-Unfällen (DE: UDV 
2017, Otte et al. 2014; int.: Weiss et al. 
2018, Schepers et al. 2014, Boele-Vos et al. 
2017, ITF 2018, Vlakveld et al. 2015, Twisk 
et al. 2017b und Kovácsová et al. 2016). 
Weber et al. (2014) wie auch Hertach et al. 
(2018) zeigen für die Schweiz, dass P25-
Alleinunfälle schwerere Folgen haben als 
kFR-Alleinunfälle und vermuten, dass die 
Anzahl polizeilich nicht registrierter Allein-
unfälle überdurchschnittlich hoch ist. 

Gegner4: 

Kommt es zu einem Zusammenstoß des 
Fahrrades mit anderen Verkehrsteilneh-
menden, so handelt es sich dabei zumeist 
um einen Pkw (DE: StBA 2018b, UDV 2017; 
int.: Weiss et al. 2018). Die Unfallfolgen für 
die Radfahrenden sind besonders schwer, 
wenn der Gegner ein Güterkraftfahrzeug 
(Gkfz) ist (DE: Schreck 2016; int.: Pokorny 
et al. 2017). Bei P25-Unfällen ist der Geg-
ner ebenfalls am häufigsten ein Pkw. Dabei 
kollidieren P25 anteilig häufiger mit kFR 
als kFR untereinander (UDV 2017).

Hauptverursachende: 

Die Radfahrenden sind in weniger als der 
Hälfte aller Radverkehrsunfälle hauptver-
ursachend (StBA 2018b), noch seltener, 
wenn der Gegner ein Pkw oder Gkfz ist 
(Schreck 2016), deutlich öfter bei Zusam-
menstößen mit Zufußgehenden oder Mo-
torrädern (von Below 2016). Eine Differen-
zierung der Unfallschwere nach Hauptver-
ursachenden ohne Alleinunfälle liegt nicht 
vor, auch keine Auswertungen zu haupt-
verursachenden P25 (ohne Alleinunfälle). 
Häufige Unfallursachen hauptverursachen-

Lahrmann 2017, Zangenehpour et al. 2016). 
Dabei weist der Unfalltyp Fahrunfall die 
höchste Unfallschwere auf (Schreck und 
Pöppel-Decker 2014). P25-Unfälle sind 
häufiger Fahrunfälle (DE: UDV 2017, int.: 
Weber et al. 2014). Schreck und Pöppel-
Decker (2014) weisen zudem auf das Kon-
fliktpotenzial zwischen rechts abbiegenden 
Güterkraftfahrzeugen und geradeaus fah-
renden Fahrrädern hin, hierbei ist die Un-
fallschwere sehr hoch. Zu diesem Ergebnis 
kommen auch Pokorny et al. (2017, 2018), 
Richter und Sachs (2017) und Schreck 
(2016).

Unfallumstände: 

Der Großteil der Radverkehrsunfälle ereig-
net sich auf trockener Fahrbahn und bei 
Tageslicht. Radverkehrsunfälle bei Regen, 
Schnee oder Schlüpfrigkeit wie auch bei 
Dunkelheit sind selten (DE: StBA 2018b; 
int.: Staub 2018). Das Statistische Bundes-
amt (StBA 2018b) weist jedoch darauf hin, 
dass Radverkehr zumeist im Sommerhalb-
jahr und bei schönem Wetter stattfindet, 
eben weil die gefährlicheren, schlechteren 
Straßen- und Witterungsverhältnisse Rad-
fahrende vom Fahren abhalten. Wenn 
Radverkehrsunfälle bei diesen Verhältnis-
sen entstehen, haben sie oftmals schwere 
Folgen (Kim et al. 2007). Eine Differenzie-
rung der P25-Unfälle nach Unfallumstän-
den liegt für Deutschland noch nicht vor. 
Holz-Rau und Hölderich (2016) beschreiben 
ein höheres Risiko schwerer Verletzungen 
bei Radverkehrsunfällen an Gefällestre-
cken, jedoch führt die geringere Fahrrad-
nutzung in Gemeinden mit stärkeren Hö-
henunterschieden dort zu einer insgesamt 
geringeren Anzahl an Radverkehrsunfällen. 
Die Unfallforschung der Versicherer (UDV 
2017) weist auf den hohen Anteil an P25-
Unfällen bei Gefälle hin und vermutet, dass 
sich hier insbesondere Unfälle durch Kon-
trollverlust bei höheren Geschwindigkeiten 
ereignen. Das Schweizer Bundesamt für 
Strassen (ASTRA 2017) hebt das höhere 
Konfliktpotenzial der P25 an Steigungen/
Gefälle sowie im Mischverkehr mit Zufuß-
gehenden hervor, das International Trans-
port Forum (ITF 2018) weist ebenfalls auf 
diese Gefahr hin.

Anzahl Beteiligter: 

Mehr als drei Viertel aller Radverkehrsun-
fälle sind Unfälle mit genau zwei Beteilig-
ten. Alleinunfälle machen nur etwa ein 
Fünftel aus, haben aber eine deutlich hö-
here Unfallschwere (Schreck 2016). Radver-

Die Vielzahl der Untersuchungen zu Rad-
verkehrsunfällen, meist ohne Differenzie-
rung von P25 und kFR, bildet den Rahmen 
für die späteren Analysen der Unterschiede 
im Unfallgeschehen von kFR und P25. Die 
folgende Zusammenfassung der vorliegen-
den Forschungsergebnisse konzentriert sich 
auf die Aspekte, die anhand des verwende-
ten Datenbestandes betrachtet werden kön-
nen. 

Ortslage: 

Die Mehrzahl der Radverkehrsunfälle ereig-
net sich innerorts. Der Anteil Schwerver-
letzter und Getöteter ist aber bei Außerorts-
unfällen höher als innerorts (für Deutsch-
land: Schreck und Pöppel-Decker 2014; für 
NRW: Holz-Rau und Hölderich 2016; inter-
national: Useche et al. 2018, Schepers et al. 
2011). Dabei sind der Anteil der Außerorts-
unfälle sowie die Schwere der Unfälle bei 
P25 höher als bei kFR (UDV 2017). Ergän-
zend weist Schreck (2016) auf einen hohen 
Anteil von Alleinunfällen außerorts hin.

Unfallzeitpunkt: 

In den Monaten April bis September ge-
schehen die meisten Fahrradunfälle (DE: 
StBA 2018b; int.: Staub 2018). Eine Diffe-
renzierung nach Tageszeiten und Unfall-
schweren für Radverkehrsunfälle liegt nicht 
vor. Die einzige Studie zur Differenzierung 
der P25-Unfälle nach Tageszeit ist eine 
Nauralistic Cycling Study: Ihr zufolge er-
eignen sich die meisten P25-Unfälle zwi-
schen 14:00 und 17:00 Uhr sowie zwischen 
8:00 und 11:00 Uhr, wobei hier die ungüns-
tige (nicht den Hauptverkehrszeiten ent-
sprechende) Uhrzeitabgrenzung die Inter-
pretation erschwert (Schleinitz et al. 2014). 
Teufel et al. (2014) weisen in einer exemp-
larischen Analyse der Fahrradunfälle in 
Heidelberg darauf hin, dass die Anzahl der 
Radverkehrsunfälle nachts am geringsten 
ist, das Unfallrisiko (hier Fahrradunfälle pro 
1 Million Fahrradfahrten) jedoch nachts 
sehr hoch und begründen dies mit einer 
hohen Anzahl an Alkoholunfällen, insbe-
sondere in den Nächten des Wochenendes.

Unfallhergang: 

Radverkehrsunfälle werden in der Mehrzahl 
durch Konflikte an Knotenpunkten (Abbie-
ge-Unfälle oder Einbiegen/Kreuzen-Unfäl-
le) verursacht (DE: DVR 2017, Richter und 
Sachs 2017, Schreck 2016, Alrutz 2009; 
int.: Schepers et al. 2011, Warner et al. 
2017, Summala et al. 1996, Madsen und 

4	 Der Begri� „Gegner“ wird für alle Personen verwen-
det, da kein Begri� existiert, der alle Geschlechter 
gleichermaßen anspricht.

5	 Falschfahrt auf Straßen mit nach Fahrtrichtung 
getrennten Fahrbahnen, Benutzung der Fahrbahn 
entgegen der vorgeschriebenen Fahrtrichtung (Ein-
bahnstraße), verbotswidrige Benutzung der Fahr-
bahn oder anderer Straßenteile (z. B. Gehweg, Rad-
weg) oder Verstoß gegen das Rechtsfahrgebot (StBA 
2018a).

6	 Das sind alle an einem Straßenverkehrsunfall be-
teiligten Fahrzeugführenden oder Zufußgehenden 
(StBA 2018a).

7	 Alle Analysen wurden mittels deskriptiver Statistik 
durchgeführt. Da es sich bei den Unfalldaten um 
eine Vollerhebung handelt, wurden keine statisti-
schen Tests durchgeführt. Diese sind für das zweite 
Paper zur vertieften Analyse des Unfallgeschehens 
geplant.
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der Fahrradfahrender sind falsche Straßen-
benutzung5, mangelnde Verkehrstüchtigkeit 
(etwa durch Alkoholeinfluss), Fehler beim 
Abbiegen, Wenden, Ein- und Anfahren 
sowie das Nichtbeachten von Vorfahrt oder 
Vorrang (StBA 2018b). Eine Differenzierung 
der Unfallschwere nach Unfallursachen 
liegt nicht vor. Die häufigste Unfallursache 
der hauptverursachenden Fahrradfahren-
den sind „andere Fehler bei Fahrzeugfüh-
renden“, der Anteil dieser Ursache ist bei 
den P25- noch deutlich höher als bei den 
kFR-Unfällen. Die UDV (2017) interpretiert 
diese insbesondere als Stürze und vermutet, 
zusammen mit dem höheren Anteil an P25-
Unfällen wegen „unangepasster Geschwin-
digkeit“, dass P25-Fahrende häufiger als 
kFR-Fahrende die Kontrolle über ihr Zwei-
rad verlieren. Hertach et al. (2018) und 
Schepers et al. (2014) zeigen, dass der 
Anteil der P25-Unfälle, die durch unange-
passte Geschwindigkeit verursacht werden, 
deutlich höher ist als bei den kFR und die 
P25-Nutzenden dabei auch schwerer ver-
letzt werden als kFR-Nutzende. Otte et al. 
(2014) stellten bei P25-Unfällen eine 
durchschnittlich höhere Kollisionsge-
schwindigkeit fest, was zu einer deutlich 
höheren Kollisionsenergie führt, die durch 
das höhere Gewicht des P25 zusätzlich 
erhöht wird.

Verunglückte Radfahrende

Alter: 

Verglichen mit anderen Verunglückten ist 
der Anteil der 10- bis 18-Jährigen und der 
Älteren (75+) unter den verunglückten 
Fahrradnutzenden deutlich erhöht. Die 

Unfallfolgen sind bei Älteren besonders 
schwer (StBA 2018b). Bei den verunglück-
ten P25 ist der Anteil Älterer noch deutlich 
höher und deren Folgen schwerer als bei 
den kFR (DE: UDV 2017, Otte et al. 2014, 
Lawinger und Bastian 2013; int.: Schepers 
et al. 2014, Weber et al. 2014). Twisk et al. 
(2017a) erklären dies mit Problemen Älterer 
beim Auf- und Absteigen, Weiss et al. 
(2018) deuten dies als Indiz für kognitive 
Leistungseinbußen, etwa bezüglich des 
Gleichgewichtes und der Geschwindigkeits-
Brems-Reaktion. Vlakveld et al. (2015) 
weisen auf die höhere Fragilität Älterer hin.

Geschlecht: 

Beinahe zwei Drittel der verunglückten 
Fahrradfahrenden sind Männer. Ihre Ver-
letzungsschwere, insbesondere der Anteil 
Getöteter, liegt deutlich höher als bei den 
Frauen (StBA 2018b). Laut UDV (2017) gibt 
es „bei der Geschlechterverteilung keinen 
Unterschied zwischen P25- und kFR-Ver-
unglückten“, weitere Differenzierungen 
liegen nicht vor.

2 Methode und Daten

Um Unfälle von P25 und kFR zu verglei-
chen, sind drei Ebenen zu unterscheiden: 

–	der Unfall mit Angaben zu Unfallort, 
Unfallzeitpunkt, Unfallhergang und Un-
fallumständen

–	die Unfallbeteiligten6 sowie deren Fehler

–	die Verunglückten, die bei dem Unfall 
verletzt oder getötet wurden (StBA 
2018a).

Für die nachfolgende Arbeit werden im 
ersten Teil die Ebenen der Unfälle sowie der 
Beteiligten mittels Strukturanalyse unter-
sucht. Mittels demografischer Analyse 
werden im zweiten Teil Erkenntnisse über 
die Verunglückten gewonnen. Den dritten 
Teil bildet die Detailanalyse der zuvor er-
arbeiteten Schwerpunkte.7 

Grundlage der empirischen Untersuchung 
sind die Einzeldaten der amtlichen Straßen-
verkehrsunfallstatistik, die aufgrund der 
polizeilichen Unfallaufnahme von den 
statistischen Landesämtern erhoben, mit 
Daten zu den beteiligten Fahrzeugen vom 
KBA ergänzt und der BASt für Zwecke der 
Unfallforschung als Unfalldatenbank zur 
Verfügung gestellt werden. Demzufolge 
können nur Unfälle im öffentlichen Stra-
ßenraum analysiert werden, die von der 
Polizei aufgenommen werden. Gerade für 
kFR/P25 wird eine hohe Quote an nicht 
gemeldeten Unfällen vermutet. Shinar et 
al. (2018) haben dieses Phänomen in 17 
Ländern untersucht und eine durchschnitt-
liche Quote von 90  % nicht gemeldeter 
Fahrrad-Unfälle errechnet, für Deutschland 
ergab sich mit 65 % in der Studie die nied-
rigste aller Quoten. Von Below (2016) gibt 
in ihrer Arbeit die Dunkelziffer für Deutsch-
land mit 58  bis 88 % an und weist auf das 
hohe Underreporting bei Unfällen mit ge-

Tabelle 1:  
Wege von P25 und kFR;            
Daten: MiD 2017;                
Gesamt 257 Wege;      
Verkehrsleistung  
3.214 Mio. km;  
eigene Bearbeitung

8	 German In-Depth Accident Study: Projekt der BASt 
und der Forschungsvereinigung Automobiltechnik  
e. V. (FAT) in den Großräumen Hannover und Dres-
den. Ca 2.000 Verkehrsunfälle pro Jahr werden von 
der TU Dresden und der Medizinischen Hochschule 
Hannover erhoben, rekonstruiert und der Unfall-
verlauf separat simuliert.
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ringer Verletzungsschwere sowie bei Al-
leinunfällen hin.

Die Analyse wird sich auf die Auswertung 
von Unfalldaten beschränken und keine 
Expositionsdaten integrieren. Um dennoch 
einen Überblick über die Nachfrage der 
beiden Gruppen zu geben, zeigt Tabelle 1 
die aktuell verfügbaren Daten der Haus-
haltsbefragung „Mobilität in Deutschland“ 
(MiD 2017). Demnach wurden in Deutsch-
land 2017 insgesamt 257 Millionen Wege 
zurückgelegt, 1 % davon mit dem P25 und 
10 % mit dem kFR. Von den intermodalen 
Wegen (ein Weg, auf dem mehrere Ver-
kehrsmittel genutzt wurden) wurde bei 
10 % zumindest für ein Teilstück ein kFR 
verwendet jedoch so gut wie nie ein P25. 
Von den monomodalen Wegen wurden 
11 % mit dem Fahrrad absolviert und im-
merhin 1 % mit einem P25, wobei hier die 
durchschnittliche Wegelänge der P25 
(6,0 km) fast doppelt so lang war wie jene 
der kFR (3,7 km). Für längere Wege (über 
5  km) werden häufiger P25 genutzt, für 
kürzere (unter 5 km) häufiger kFR. Zudem 
werden kFR häufiger von Jüngeren (unter 
50 Jahren) genutzt, P25 häufiger von Äl-
teren (ab 50 Jahren). Auffallend ist der 
hohe Anteil P25-Nutzender, die 70 Jahre 
und älter sind.

Bis 2013 wurden Unfälle von kFR und P25 
in der amtlichen Unfallstatistik nicht dif-
ferenziert. Daher gibt es derzeit nur wenige 
Analysen zum Unfallgeschehen von P25. 
So erfolgt im Fachbericht „Kraftrad- und 
Fahrradunfälle im Straßenverkehr“ des 
Statistischen Bundesamtes (aktuell: StBA 
2018b) der Großteil der Auswertungen für 
die übergeordnete Kategorie „Fahrrad“ 
(Summe kFR und P25). Separat ausgewie-
sen werden für das Jahr 2017 lediglich die 
Anzahl von 5.343 beteiligten P25 an Un-
fällen mit Personenschäden sowie 5.115 
verunglückten Nutzenden (inklusive Mit-
fahrenden) von P25, davon 68 Getötete und 
1.374 Schwerverletzte. 

Bereits vor der bundesweiten Erhebung von 
P25-Unfällen wurden diese in fünf Bundes-
ländern ausgewiesen. Huppertz und Kern 
(2014) führten damit die erste Auswertung 
amtlicher Unfalldaten zu P25-Unfällen 
durch. Eine erste Berechnung der Entwick-
lung zeigte für Baden-Württemberg eine 
Vervierfachung der Elektrofahrradunfälle 
(darunter der Großteil P25) vom Jahr 2010 
auf 2012. Daher prognostizierten sie ein 
neues „Verkehrsunfallphänomen Elektro-
fahrrad“, auf das die Verkehrssicherheits-
arbeit angemessen reagieren soll. Neben 
der Analyse der polizeilich erfassten Unfäl-
le wurden für Deutschland weitere Studien 

zum Thema P25-Unfälle durchgeführt. 
Diese basierten entweder auf In-Depth-
Auswertungen von Unfalldatenbanken wie 
GIDAS8 (Otte et al. 2014) oder eigenen 
Datenerhebungen wie etwa sogenannten 
naturalisitic cycling studies (UDV 2017), 
Befragungen von Pedelecnutzenden (PGV 
und IWU 2015) oder Fallstudien.

Die Unfalldatenbank der BASt enthält in 
der aktuellen Version (für das Jahr 2017) 
die Datei zum Unfall mit 48 Variablen, die 
Datei der Beteiligten mit 52 Variablen sowie 
die Datei mit den Verunglückten mit vier 
Variablen. Die Dateien können über den 
Unfallschlüssel sowie den Beteiligten-
schlüssel verknüpft und über die Jahresan-
gabe mit den entsprechenden (gleich auf-
gebauten) Dateien der Vorjahre zusammen-
gefügt werden. 

Aus der Unfalldatenbank der BASt werden 
für diese Untersuchung alle Unfälle mit 
Personenschaden (im Folgenden „Unfall“) 
ausgewählt, die sich in den Jahren 2014 
(erstes Jahr, in dem die Kategorie „Pedelec“ 
(entspricht P25) zuverlässig separat erho-
ben wurde) bis 2017 (aktuellste Daten) in 
Deutschland ereigneten und an denen 
mindestens ein P25 oder ein kFR beteiligt 
war. Dies ergab eine Gesamtheit von 14.429 
Unfällen unter Beteiligung mindestens ei-

Tabelle 2: Straßenverkehrsunfälle mit Personenschaden und dabei Verunglückte 2014–2017 unter Beteiligung eines P25/kFR; Kostensätze: BASt (2019)

LV: Leichtverletzte     SV: Schwerverletzte     kFR: konventionelles Fahrrad    P25: Pedelec 25     * Kostensätze: BASt 2019   
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9	 Oder innerhalb von 30 Tagen an den Folgen des 
Unfalls.

cher Bewertung die Vermeidung schwerer 
(somit teurer) Unfälle Priorität. Daher wird 
in der folgenden Analyse die Anzahl der 
schweren Personenschäden (Getötete und 
Schwerverletzte) in Relation zur Gesamt-
zahl der jeweiligen Unfälle als Unfall-
schwere definiert und als Grundlage zur 
Einschätzung des Unfallgeschehens der 
beiden Fahrzeuggruppen verwendet. Dem-
nach wurden 288 getötete oder schwerver-
letzte P25-Nutzende pro 1.000 P25-Unfäl-
le registriert. Damit ist die Unfallschwere 
von P25-Unfällen sehr viel höher als der 
Vergleichswert der kFR-Unfälle (hier 179). 
Aufgrund der größeren Fallzahl Schwer-
verletzter dominieren diese in der Kenngrö-
ße. Dies wird deutlich, wenn ausschließlich 
die Getöteten in Relation zu den Unfällen 
gesetzt werden, mit 14,2 getöteten P25-
Nutzenden je 1.000 P25-Unfällen ist die 
Rate mehr als dreimal so hoch wie bei den 

relativ konstant, bzw. steigt nur geringfü-
gig. Aufgrund der geringen Fallzahlen der 
P25-Unfälle, insbesondere zu Beginn des 
Untersuchungszeitraumes, werden in der 
folgenden Untersuchung keine zeitlichen 
Analysen durchgeführt, sondern die Struk-
tur des Aggregates aller vier Jahre unter-
sucht. Im Untersuchungszeitraum verun-
glückten 14.181 P25-Nutzende, 205 von 
ihnen starben bei dem Unfall9 (1 %) und 
3.956 (28 %) wurden schwer verletzt. Im 
Vergleich dazu sind die Anteile der Getö-
teten (unter 1 %) und der Schwerverletzten 
(18 %) an den verunglückten kFR-Nutzen-
den deutlich geringer.

3 Ergebnisse

Im Sinne der Verkehrssicherheitsarbeit liegt 
die Konzentration zuallererst auf der Ver-
meidung schwerer Unfälle, um menschli-
ches Leid zu verhindern oder zumindest zu 
lindern. Zudem hat aus volkswirtschaftli-

nes P25 (im Folgenden „P25-Unfall“) und 
305.106 Unfällen unter Beteiligung min-
destens eines kFR (im Folgenden „kFR-
Unfall“) (Tabelle 2). An 1.411 Unfällen 
waren sogar mindestens ein P25 und min-
destens ein kFR beteiligt. In den Jahren 
2014–2017 ereigneten sich insgesamt 
1.218.895 Unfälle. Im Durchschnitt war 
demnach nur an 1 % der Unfälle ein P25 
beteiligt, jedoch an 25 % ein kFR.

In Tabelle 2 ist die Entwicklung dieser 
Unfälle innerhalb des Untersuchungszeit-
raumes dargestellt. Darin wird deutlich, 
dass die Zahl der P25-Unfälle stark steigt 
(jeweils ein Drittel mehr als im Vorjahr), 
während jene der kFR-Unfälle nur in ge-
ringem Ausmaß schwankt. Dies kann ins-
besondere durch die unterschiedlichen 
Ausgangswerte sowie -bestände und die 
bereits beschriebene starke Wachstumsrate 
des Bestandes an P25 erklärt werden. In 
Summe bleibt die Anzahl der Unfälle unter 
Beteiligung eines Fahrrades (kFR und P25) 

Bild 1: Unfälle mit 
Personenschaden 
(Summe 2014–2017) 
unter Beteiligung 
eines P25 (links) bzw. 
kFR (rechts) nach 
Anzahl der Beteilig-
ten

Bild 2: Unfälle mit 
Personenschaden 
(Summe 2014–2017) 
unter Beteiligung 
eines P25 bzw. kFR 
nach Ortslage

Unfälle mit Personenschaden  
(2014–2017) nach Anzahl der Beteiligten unter 

Beteiligung eines Pedelec 25

Unfälle mit Personenschaden  
(2014–2017) nach Anzahl der Beteiligten unter  

Beteiligung eines konventionellen Fahrrades

Unfälle mit Personenschaden (Summe 2014–2017)  
unter Beteiligung eines …
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kFR (hier 4,42). Um dies zu berücksichtigen, 
können die Verunglückten auch gewichtet 
in eine Kenngröße einfließen. Holz-Rau 
und Scheiner (2009, 2010) gewichten in 
zwei Arbeiten die Verunglückten anhand 
der volkswirtschaftlichen Kosten. In Tabel-
le 2 wurden die Verunglückten mit den 
aktuellen Personenschadenkosten je verun-
glückter Person der BASt (2019) gewichtet. 
Dabei zeigt sich, dass die durchschnittli-
chen Personenschadenkosten verunglückter 
P25-Nutzender je P25-Unfall mit 53.266 € 
um das 1,7-Fache höher sind als jene ver-
unglückter kFR (hier 30.569 €).

Diese erste Auswertung zeigt, dass P25-
Unfälle durchschnittlich schwerer sind als 
kFR-Unfälle. Dabei sind die absoluten 
Fallzahlen der P25-Unfälle (bisher) deutlich 
geringer als die der kFR-Unfälle. Bei einer 
relativ konstanten Anzahl an Fahrradun-
fällen insgesamt führt eine zunehmende 
Pedelec-Beteiligung zu einem geringeren 
Rückgang der Unfallschwere der Fahrrad-
unfälle. Eine differenziertere Analyse der 
beiden Unfallgeschehen ist daher notwen-
dig, um abzuschätzen, ob sich daraus neue 
Anforderungen für die Verkehrssicherheits-
arbeit ergeben.

3.1 Analyse der Unfälle und Beteiligten

Aus der Unfalldatenbank der BASt wurden 
differenziert zwischen kFR- und P25-Un-
fällen folgende Daten verwendet: Unfall-

verortung (Block I in Tabelle 3: Ortslage), 
Unfallzeitpunkt (Block II: Tageszeit, Jahres-
zeit sowie Wochentag (Mo–Fr)/Wochenen-
de (Sa–So und Feiertage)), Unfallhergang 
(Block III: Unfalltyp als Konfliktsituation, 
die zu einer Kollision führte – vor dem 
Unfall, und Unfallart als Ablauf der Kolli-
sion – während des Unfalls), Unfallumstän-

de (Block IV: Charakteristik der Unfallstel-
le, Straßenzustand und Lichtverhältnisse). 

Die Daten zu den Unfallbeteiligten (Block 
V) beinhalten die Anzahl der Beteiligten 
sowie bei Unfällen mit genau zwei Betei-
ligten zusätzlich die Art der Verkehrsbetei-
ligung des Gegners. Für Unfälle mit drei 
und mehr Beteiligten wurde dies nicht 
ausgewiesen, da oftmals nicht klar hervor-
geht, welchen Einfluss dritte oder weitere 
Beteiligte auf den ersten Zusammenstoß 
hatten. Die Daten beinhalten auch die Ein-
schätzung der Polizei bezüglich der Haupt-
schuld an dem Unfall sowie die am häu-
figsten auftretenden Unfallursachen haupt-

verursachender P25 und kFR (Block VI). 

Nicht in dem Datensatz enthalten sind 

Daten, die nicht vor Ort von der Polizei 
erhoben, sondern nur durch Rekonstrukti-
on ermittelt werden können. Zu nennen 
wären hier etwa die Kollisionsgeschwindig-
keit und -energie. Zudem werden einige 
fahrradspezifische Informationen, etwa, ob 
ein Helm getragen wurde, nicht erhoben.

Die vorgestellten Variablen sind im Fact 
Sheet (Tabelle 3) in den Zeilen eingetragen 
und zu den beschriebenen Gruppen zusam-
mengefasst. In den Spalten ist die Anzahl 
an Unfällen unter Beteiligung des jeweili-
gen Fahrzeuges und deren verunglückte 
Nutzende sowie die Unfallschwere darge-
stellt. Die Prozentangaben sind Spaltenpro-
zent und beziehen sich jeweils auf die da-
rüber angeführte Anzahl an Unfällen oder 
Verunglückten. In den rechten beiden 
Spalten ist der Anteil der Unfälle mit 
hauptverursachenden P25 und kFR darge-
stellt, als Zeilenprozent an allen P25-/
kFR-Unfällen.

Nach Tabelle 3 weisen P25- und kFR-Un-
fälle überwiegend eine ähnliche Unfall-
struktur auf. Teilweise zeigen sich aber 
auch relevante Unterschiede. So ereignen 
sich P25- gegenüber kFR-Unfällen jeweils 
häufiger außerorts (Block I), im Sommer, 
am Wochenende und zur Mittagszeit (II). 
Der Großteil der P25-Unfälle ereignet sich 
demnach in typischen Zeiten des Wirt-
schafts- (etwa Briefzustellung), Einkaufs- 
oder Freizeitverkehrs, der Großteil der 
kFR-Unfälle zu Zeiten, an denen typischer-
weise der Weg zur Arbeit oder Schule zu-
rückgelegt wird. Block III zeigt für die P25 
einen höheren Anteil von Fahrunfällen 
sowie Unfällen anderer Art. Fahrunfälle 
(Unfall ausgelöst, weil Person Kontrolle 
über ihr Fahrzeug verloren hatte, ohne 
Beitragen anderer10) sind meist Alleinun-
fälle11 und auch unter der Sammelkategorie 
„anderer Art“ finden sich wahrscheinlich 
viele Fahrrad-Alleinunfälle. kFR sind da-
gegen häufiger an Abbiege- und Einbiegen/
Kreuzen-Unfällen beteiligt. Block IV weist 
auf eine höhere Bedeutung von Gefällestre-
cken bei P25 hin. Insgesamt ist der Anteil 
von Alleinunfällen (V) bei P25 deutlich 
erhöht. Bei Unfällen mit genau zwei Betei-
ligten ist der Pkw jeweils am häufigsten 
Gegner, der Anteil ist bei den kFR noch 
höher als bei den P25. 

Die Unfallschwere ist bei P25 grundsätzlich 
höher als bei kFR. Bei beiden ist die Unfall-
schwere außerorts (I), bei Fahrunfällen und 
bei Abkommen-Unfällen (III), im Gefälle 
und in Kurven (IV), bei Alleinunfällen und 

bei Unfällen mit schweren Güterkraftfahr-
zeugen (V) deutlich höher als im Durch-
schnitt. Außerorts (I), im Gefälle (IV) sowie 
mit sGkfz (V) ist der Anteil Getöteter be-
sonders hoch. Auch der hohe Anteil getö-
teter kFr-Nutzender bei sGkfz-Unfällen (V) 
ist hervorzuheben. Umgekehrt ist bei Un-
fällen mit einem Pkw (V) der Anteil getö-
teter P25-Nutzender höher als jener der 
kFR. Die Unfallschwere bei Einbiegen/
Kreuzen-Unfällen (III) ist unter dem jewei-
ligen Durschnitt, der Anteil getöteter Fahr-
radnutzender (insbesondere bei den P25) 
jedoch überdurchschnittlich. P25 wie kFR 
sind in weniger als der Hälfte der Fahrrad-
unfälle hauptverursachend. Ohne Berück-
sichtigung der Alleinunfälle sind kFR in 
jedem dritten, P25 nur in jedem vierten 
Unfall hauptverursachend (V). Ist ein P25 
hauptverursachend, so ist die häufigste 
Ursache nicht angepasste Geschwindigkeit, 
bei hauptverursachenden kFR ist es falsche 
Straßenbenutzung (VI).

Die erste Erkenntnis, dass P25-Unfälle 
schwerer sind, wird hier bestätigt. Zudem 
können folgende Schwerpunkte festgestellt 
werden: P25-Unfälle sind häufiger Allein-
unfälle (Bild 1), kFR-Unfälle häufiger Kno-
tenpunktunfälle. Wichtige Einflussfaktoren 
sind zudem der Unfallzeitpunkt (als Indiz 
für unterschiedliche Nutzungszwecke) so-
wie die Ortslage (Bild 2).

3.2 Verunglückte

Tabelle 4 zeigt die bei Straßenverkehrsun-
fällen schwerverletzten und getöteten Nut-
zenden von P25 und kFR unterschieden 
nach Geschlecht und Altersgruppe. Dem-
nach verunglücken in der Gesamtheit aller 
Straßenverkehrsunfälle deutlich mehr Män-
ner als Frauen schwer (62:38) sowie tödlich 
(74:26). Dies zeigt sich auch bei den kFR-
Unfällen sowie etwas abgeschwächt bei den 
P25-Unfällen. 

Altersdifferenziert ähnelt die Verteilung der 
verunglückten P25-Nutzenden einer „um-
gekehrten Pyramide“, die Anteile werden 
also größer, je höher das Alter der Nutzen-
den ist (Bild 3). Die Anzahl der Verunglück-

10	 Dazu gehören nicht solche Unfälle, bei denen die 
Person die Gewalt über das Fahrzeug infolge eines 
Konfliktes mit einem anderen Verkehrsteilnehmer 
[…] verloren hat (StBA 2018a).

11	 Fahrunfälle sind aber nicht ausschließlich Alleinun-
fälle, sie können in der Folge auch zu einer Kollision 
mit anderen führen.
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Tabelle 3: Fact Sheet P25-/kFR-Unfälle 2014–2017

* Mehrfachnennung möglich (Anteil der Unfälle, nicht der Nennungen)         SP = schwere Personenschäden der P25-/kFR-Nutzenden = Getötete = Schwerverletzte
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* ohne die Kategorie „ohne Altersangabe“

4.2 Knotenpunkte

Bei Knotenpunktunfällen sind P25 und kFR 
jeweils seltener HV. Sind sie es doch, ist die 
Unfallschwere deutlich höher. P25-Unfälle 
ereignen sich häufiger an Knotenpunkten 
ohne LZA als kFR-Unfälle, beide Gruppen 
sind an Knotenpunkten mit LZA (in Be-
trieb) seltener hauptverursachend (Block 
IV). Der Pkw ist jeweils der häufigste Geg-
ner (V), die Unfallschwere ist dabei jeweils 
höher, wenn der Pkw nicht hauptverursa-
chend ist. Am höchsten ist die Unfall-
schwere jedoch, wenn der Gegner ein 
schweres Güterkraftfahrzeug ist. Häufige 
Gegner der P25 wie auch der kFR sind 
andere kFR, die Unfallschwere ist dabei 
niedrig. Ist ein P25 HV, so ist die Ursache 
(VI) meist das Nichtbeachten von Vorfahrt/
Vorrang, bei den kFR zusätzlich auch Feh-
ler beim Ein-/Anfahren. Ist das Fahrrad 
nicht HV, beachtete der Gegner meist Vor-
fahrt/Vorrang nicht. Ein HV-Gegner eines 
kFR verursacht zudem Knotenpunktunfäl-
le oft durch Fehler beim Abbiegen.

te P25-Nutzende im Durchschnitt älter sind 
als verunglückte kFR-Nutzende. Dazu wur-
den Detailuntersuchungen durchgeführt 
und Tabellen analog zu Tabelle 3 erstellt. 
Knotenpunktunfälle sind Unfälle des Typs 
„Abbiege-Unfall“ sowie „Einbiegen/Kreu-
zen-Unfall“ mit genau zwei Beteiligten12, 
wobei nach Hauptverursachenden (HV) 
unterschieden wird. Die Variable Lichtzei-
chenanlage (LZA) wurde zusätzlich aufge-
nommen (Block IV). Alleinunfälle sind 
Unfälle mit genau einer/einem Beteiligten. 
Unfälle Älterer sind Unfälle unter Beteili-
gung mindestens 70 Jahre alter Fahrrad-
nutzender. Dargestellt werden in Tabelle 5 
nur relevante Blöcke, bei denen sich deut-
liche Unterschiede zeigten.13

4.1 Außerortsunfälle

Fahrrad-Alleinunfälle wie auch Unfälle 
älterer Fahrradfahrender ereignen sich 
noch häufiger außerorts und sind dort 
schwerer (Block I). Sehr hoch ist die Unfall-
schwere älterer kFR-Nutzender außerorts. 
Knotenpunktunfälle mit hauptverursachen-
dem Fahrrad sind ebenfalls häufiger außer-
orts und schwerer als im Durchschnitt. 
Knotenpunktunfälle, bei denen der Gegner 
des Fahrrads HV ist, sind seltener außerorts. 

ten über 70 Jahre ist deutlich am höchsten, 
wohingegen in den jüngsten drei Alters-
gruppen insgesamt nur wenige schwer 
verletzt wurden. Bei den verunglückten 
kFR-Nutzenden sind die Unterschiede zwi-
schen den Altersgruppen deutlich geringer. 
Auffällig ist der hohe Anteil Verunglückter 
zwischen 10 und 19. Der Unterschied zwi-
schen Jungen und Mädchen unter 10 Jah-
ren ist bei den kFR-Nutzenden besonders 
groß und nimmt mit dem Alter ab.

Die Altersverteilung der Schwerverletzten 
und Getöteten korrespondiert mit der Al-
tersstruktur der Nutzenden und deren hö-
herer Fragilität bei gleichzeitig höherer 
Geschwindigkeit der Pedelecs. 

4 Detailuntersuchungen

Sowohl Literaturanalyse als auch Struktur-
analyse brachten drei deutliche Unterschie-
de im Unfallgeschehen von P25 und kFR: 
P25-Unfälle sind außerorts häufiger und 
schwerer als kFR-Unfälle, Alleinunfälle von 
P25 sind deutlich häufiger als Alleinunfäl-
le von kFR, und Knotenpunktunfälle unter 
Beteiligung eines kFR sind deutlich häufi-
ger als jene unter Beteiligung eines P25. 
Die demografische Analyse verunglückter 
Fahrradnutzender zeigte, dass verunglück-

Tabelle 4: Getötete und 
schwerverletzte kFR- und 
P25-Nutzende nach Alter 
und Geschlecht

12	 Aufgrund der bereits beschriebenen Problematik be-
züglich der Zuordenbarkeit bei mehr als zwei Betei-
ligten.

13	 Die vollständigen Tabellen können auf Anfrage beim 
Autor bezogen werden.
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Unfälle innerorts deutlich, jedoch ist der 
Anteil der Unfälle außerorts bei den P25 
wesentlich höher. Außerorts sind Fahrrad-
unfälle schwerer, besonders der Anteil 
Getöteter (45  % der getöteten P25- und 
36  % der getöteten KFR-Nutzenden) ist 
hoch. Außerdem ereignen sich kFR-Unfäl-
le häufiger zu Zeiten, an denen typischer-
weise der Weg zur Arbeit oder Schule zu-
rückgelegt wird, der Großteil der P25-Un-
fälle in typischen Zeiten des Wirtschafts-, 
Einkaufs- oder Freizeitverkehrs. 

Teilfrage 3: 

Verunglückte P25-Nutzende sind im 
Durchschnitt älter als verunglückte kFR-
Nutzende. Der Großteil der verunglückten 
P25-Nutzenden ist mindestens 70 Jahre alt, 
wohingegen es in den jüngsten drei Alters-
gruppen nur wenige Verunglückte gab. Bei 
den verunglückten kFR-Nutzenden sind die 
Unterschiede zwischen den Altersgruppen 
deutlich geringer. Bei den Getöteten ist der 
Unterschied noch deutlicher: 78  % der 
getöteten P25-Nutzenden waren 70 Jahre 
und älter, von den kFR-Getöteten waren 
43 %, von der Gesamtheit aller im Straßen-
verkehr Getöteten 26 % dieses Alters.

Teilfrage 4: 

Die vertiefte Analyse zeigte, dass Alleinun-
fälle von kFR wie P25 außerorts sowie 
nachts und an Wochenenden häufiger 
auftreten. Die häufigsten Ursachen sind 
dabei nicht angepasste Geschwindigkeit 
(vor allem P25) und Alkoholeinfluss (vor 
allem kFR). Zudem wurde deutlich, dass 
sich P25-Unfälle häufiger an Knotenpunk-
ten ohne LZA ereignen als kFR-Unfälle. 
Beide Gruppen sind an Knotenpunkten mit 

Ältere kFR-Nutzende verursachen öfter 
einen Unfall durch falsche Straßenbenut-
zung, ältere P25-Nutzende durch das 
Nichtbeachten von Vorfahrt/Vorrang. Nicht 
angepasste Geschwindigkeit und Alkohol 
sind bei Älteren seltener Ursache (VI).

5 Zusammenfassung und Ausblick

Dieser Beitrag analysiert die Struktur der 
Unfälle von Pedelec 25 (P25) und ihre Un-
terschiede zu den Unfällen konventioneller 
Fahrräder (kFR). Durch die Beantwortung 
der vier Teilfragen wird dargestellt, dass es 
durch die Verbreitung von P25 zu mehr 
P25-Unfällen kommt, sich diese von Un-
fällen konventioneller Fahrräder unter-
scheiden und sich dadurch neue Anforde-
rungen an die Verkehrssicherheitsarbeit 
ergeben. 

Teilfrage 1: 

P25-Unfälle sind durchschnittlich schwerer 
als kFR-Unfälle. Dabei sind die absoluten 
Fallzahlen der P25-Unfälle (bisher) deutlich 
geringer als jene der kFR-Unfälle. Bei einer 
relativ konstanten Anzahl an Fahrradun-
fällen insgesamt führt eine zunehmende 
P25-Beteiligung zu einem geringeren 
Rückgang schwerer Fahrradunfälle.

Teilfrage 2: 

Sowohl die Literaturanalyse als auch die 
Datenanalyse brachten deutliche Unter-
schiede im Unfallgeschehen von P25 und 
kFR: P25-Unfälle sind häufiger Alleinun-
fälle, kFR-Unfälle häufiger Knotenpunkt-
unfälle. Bei beiden Fahrzeugen dominieren 

4.3 Alleinunfälle

Alleinunfälle von kFR wie P25 sind nachts 
und an Wochenenden (II) häufiger als P25-/
kFR-Unfälle mit zwei und mehr Beteiligten. 
Auffallend sind der sehr hohe Anteil und 
die sehr hohe Unfallschwere von Alleinun-
fällen bei Gefälle und in Kurven (IV). Die 
häufigsten Ursachen (VI) sind nicht ange-
passte Geschwindigkeit (vor allem P25) und 
Alkoholeinfluss (vor allem kFR). 

Eine separate Analyse der Alleinunfälle bei 
Kurven und Gefälle brachte keine weiteren 
Erkenntnisse. Sowohl bei Alleinunfällen bei 
Gefälle als auch in Kurven ist eine nicht 
angepasste Geschwindigkeit die häufigste 
Unfallursache. Straßen- und Lichtverhält-
nisse scheinen bei Gefälle oder in Kurven 
denselben Einfluss zu haben wie in der 
jeweiligen Gesamtheit aller Alleinunfälle.

4.4 Ältere

Die Unfallschwere der Unfälle unter Betei-
ligung älterer kFR-Nutzender ist beinahe 
so hoch wie bei den älteren P25, beide sind 
jeweils deutlich höher als bei allen Alters-
gruppen zusammen. Der Anteil der Allein-
unfälle ist bei den älteren P25-Nutzenden 
nach wie vor höher als bei den älteren 
kFR-Nutzenden (V), allerdings ist der Anteil 
der Unfälle an Kreuzungen (IV) bei den 
Älteren in etwa gleich. Die Unfälle älterer 
Fahrradnutzender ereignen sich öfter mit-
tags und nachmittags (II). Die Anteile der 
Unfälle älterer Fahrradnutzender bei Gefäl-
le und in Kurven (IV) sind jeweils gering-
fügig niedriger (jeweils 1–2 Prozentpunkte). 
Der Anteil hauptverursachender Fahrrad-
fahrender steigt, insbesondere bei den kFR. 

Bild 3: Anteil der  
getöteten (GT) und 
schwer verletzten (SV) 
Nutzenden eines P25  
bzw. kFR (2014–2017) 
nach Alter und  
Geschlecht

Getötete und schwer verletzte P25-Nutzende
nach Alter und Geschlecht

Getötete und schwer verletzte kFr-Nutzende
nach Alter und Geschlecht

Anteil an allen getöteten (GT) und schwer verletzten 
(SV) P25-Nutzenden (n = 4.161)

Anteil an allen getöteten (GT) und schwer verletzten 
(SV) kFR-Nutzenden (n = 54.754)
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* Mehrfachnennung möglich (Anteil der Unfälle, nicht der Nennungen)         SP = schwere Personenschäden der P25-/kFR-Nutzenden = Getötete = Schwerverletzte
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A B S T R A C T   

Pedelecs (pedal electric cycles) have become increasingly popular in recent years. This increase may trigger 
many positive effects, but unfortunately it also results in an increase in accidents, especially single accidents, 
involving these vehicles. This investigation analyses 1738 free text descriptions of pedelec single accidents 
written by police officers on site. The accidents occurred in 2016 and 2017 in 14 federal German states. The aim 
is to evaluate whether pedelec single accidents have specific causes that have not yet been recorded in the official 
accident statistics. Results show that most cases can be assigned to categories addressing the user (60 %) or the 
road design (54 %, accidents can be assigned to several categories). With this dataset it is also possible to analyse 
the severity of injuries using ordered probit analysis. Of the nine categories where severe injuries are expected, 
most address the user. In addition, serious injuries are expected when problems are encountered on downhill 
slopes or involve technical faults. An additional ordered probit analysis with a second dataset, based on different 
sources but using the same categorisation, supports these results.   

1. Introduction 

1.1. Initial situation 

With annual growth rates of more than 39 % in the number of 
pedelecs (pedal electric cycle - bicycle with electric motor support) ac
cording to the ZIV (German Bicycle Industry Association), these bicycles 
are currently very popular in Germany (ZIV, 2020). However, Federal 
German Statistics (StBA, 2020) have already shown that the number of 
accidents involving a pedelec have also increased significantly, although 
they provide no details on the severity of pedelec accidents and influ
encing factors. 

Pedelecs were previously considered as part of the group of bicycles 
when evaluating accident statistics. In German accident statistics, 
pedelecs have only been recorded as a separate group since 2013 (StBA, 
2020). Therefore, most results are derived from analyses of the aggre
gated group “bicycle”. Hence, little detailed information about accidents 
with pedelecs has been available (Panwinkler and Holz-Rau, 2019). 
However, Haustein and Møller (2016) estimate that almost one third of 
pedelec users have “experienced at least one safety critical event that they 
believed would not have happened on a conventional bike”. 

The first German study on pedelec accidents in Baden-Württemberg 
concluded that more than half of pedelec accidents were single accidents 
(Lawinger and Bastian, 2013; similarly for other regions: Hertach et al., 
2018; ITF, 2018; Johansson and Fyhri, 2018; Papoutsi et al., 2014; 
Weber et al., 2014). Panwinkler and Holz-Rau (2019) showed that one 
major difference between accidents involving pedelecs and those 
involving conventional bicycles is that pedelecs are more often involved 
in single accidents and that users suffer more severe injuries. Uhr and 
Hertach (2017) confirm this finding and the need for more detailed 
research on pedelec single accidents. In addition, Schleinitz et al. (2014) 
showed that although the majority of critical situations arise in conflict 
with other road users, the majority of actual accidents are single acci
dents−despite the presumed high number of unreported cases. 

Clearly there is a need to address this research gap and provide a 
comprehensive analysis of pedelec single accidents to promote safety 
work. 

Most accident studies focusing on pedelecs are based on data that are 
designed for accidents with double-track motor vehicles, in particular 
passenger cars. Accidents with bicycles (including pedelecs), especially 
when no other road users are involved, are difficult to categorise with 
this systematic. For example, pedelec users who lose their balance and 
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fall off are only described as “driving accidents”. A more detailed 
description of why the driver lost control of the vehicle is only possible 
to a limited extent. Consequently, it is only possible to a limited extent to 
analyse factors that are decisive for severe accidents (Panwinkler and 
Holz-Rau, 2019). To describe the severity of the accident in more detail, 
new specific attributes are needed. 

Hertach et al. (2018) tried to categorise new pedelec-specific in
dicators for the first time. However, this categorisation was based on a 
survey (partly online, partly on paper). It cannot be guaranteed that the 
test persons remember the details of the accident and even if this is the 
case, it cannot be guaranteed that they describe the process in sufficient 
detail or truthfully. The sample was representative, but several factors 
could not be integrated. First, the investigation did not include all sea
sons, although Panwinkler and Holz-Rau (2019) showed that pedelec 
accidents are not distributed equally over seasons. Also, it was not 
possible to take account of spatial differences within Switzerland. 
Finally, the age distribution of the test persons could not be considered 
when drawing the sample; however, Panwinkler and Holz-Rau (2019) 
showed that the average severity of pedelec accidents varies signifi
cantly with the age of the users. 

It is therefore necessary to carry out a categorisation with a dataset 
that, if possible, represents the entire territory of a country over at least 
one whole year. In addition, the data analysed should be collected on 
site by trained personnel where participants are obliged to give truthful 
information when questioned. 

UDV (German Insurers Accident Research) recently performed such a 
categorisation based on free text descriptions taken by the officers on 
site, although the focus was different, analysing accidents of the cate
gory “other cause” independently of the vehicle type (UDV, 2020). 
However, some specific bicycle categories were created and bicycle 
(including pedelec) accidents were analysed in one paragraph; no ana
lyses of accident severity were carried out on the basis of these 
categories. 

As authors (such as Fyhri et al., 2019) have argued, there is a lack of 
detailed information on the severity of pedelec accidents. If at all, the 
severity of accidents has only been divided into categories. Hertach et al. 
(2018) analysed the injury severity of pedelec single accidents esti
mating the probability of either having a serious injury or not. Holz-Rau 
and Scheiner (2010, 2009) multiplied injury severity by accident cost 
rates to obtain a more expressive, but still ordinal scaled result. It 
therefore seems desirable to carry out an analysis describing the severity 
of injury on a more differentiated scale. If possible, this should improve 
the inclusion of information available in the accident data compared to 
other (binary) statistical models. 

These considerations led to the development of the research ques
tions of this paper: What causes pedelec single accidents and which 
factors have an influence on the severity of the accident? 

Therefore, the aim of this study is first to create new pedelec-specific 
categories that serve as a basis for further analysis. The second aim is to 
determine which of these categories significantly influences the severity 
of pedelec single accidents. The results should enable the development 
of measures that reduce the number and severity of pedelec single 
accidents. 

To examine this problem, we use a mixed method approach. First, we 
perform a qualitative analysis with the raw data of pedelec accidents in 
Germany, i.e. the free text written by the police officer on site which 
describes the accident in his/her own words. This data is used to create 
new, pedelec-specific accident cause categories that have not been used 
in pedelec accident analysis so far. The second step is an analysis of the 
accident severity of pedelec single accidents and the influence of the 
new pedelec-specific accident cause categories on the severity. To this 
end, we build an ordered probit model. Finally, we perform both ana
lyses with a second dataset to test the results. 

1.2. Legal classification 

According to the German Federal Ministry of Transport and Digital 
Infrastructure (BMVI), a pedelec 25 (hereinafter referred to as P25) is a 
bicycle that supports pedalling with an electric motor up to a speed of 25 
km / h. The electric motor may provide support with a rated continuous 
power of 250 W maximum. A traction aid, i.e. propulsion of the bicycle 
at the push of a button or by turning a handle and without pedalling, is 
only permitted up to a maximum speed of 6 km / h. From a legal 
standpoint, the P25 is classified as a bicycle in Germany so the same road 
safety regulations apply to its user (based on §1 (3) of the road traffic act 
(StVG, 2020), BMVI, 2017). Fig. 1 shows that for both P25 and con
ventional bicycles (hereinafter referred to as c-bikes) wearing a helmet is 
recommended but not obligatory, no driving or operating license is 
needed, insurance is also only recommended and these vehicles do not 
need license plates. This distinguishes the P25 from the pedelec 45 (P45 
or “speed pedelec”) as well as from e-bikes. The latter two are not 
considered as bicycles but as motor vehicles (BMVI, 2017). Fig. 1 also 
shows the categorisation and regulations for P45 s and e-bikes in the 
right two columns. The electric motor of a P45 supports the user when 
pedalling to a speed of 45 km / h. Without pedalling, the motor drives 
the vehicle up to a speed of 20 km / h. An e-bike does not necessarily 
have any pedals as the motor may also drive the vehicle without 
pedalling but instead turning a handle. Users of both these vehicles have 
to wear appropriate helmets, need the corresponding driving and 
operating licenses, must be insured and must attach an insurance plate 
to the vehicle (BMVI, 2017). Another consequence is that these vehicles 
are not allowed to use cycle lanes (with some exceptions for e-bikes). In 
summary, P45 s and e-bikes are considered to be motor vehicles rather 
than bicycles and are thus subject to different legal obligations. (BMVI, 
2017). As this study deals with a new type of bicycle and its conse
quences for cycle traffic, the following analysis is based on P25 s only. 

2. Literature review of accidents involving pedelecs 

The following summary of available research results on accidents 
involving P25 s concentrates firstly on aspects analysed using categories 
of official German statistics (Subsection 2.1) and then presents research 
results that identify further causes of accidents that cannot be found in 
official German statistics but could function as factors for our analysis 
(Subsection 2.2). Key findings are summarised in Table 1. 

2.1. Analyses using official German statistics 

For Germany, Panwinkler and Holz-Rau (2019) conducted the first 
comprehensive study on accidents involving P25 s and differences 
compared to accidents involving c-bikes. They used all data available 
from the official statistics, including accident location, time of accident, 
course of the accident, accident circumstances, road users involved and 
the police’s assessment of who was primarily responsible and the acci
dent causes. The descriptive analysis showed that P25 accidents are 
more severe than accidents involving a c-bike. The absolute number of 
P25 accidents (so far) is significantly lower than that of c-bike accidents. 
With a relatively constant number of bicycle accidents overall, an in
crease in P25 participation leads to a smaller decrease in serious bicycle 
accidents. Furthermore, they defined three focal areas: 

2.1.1. Rural accidents 
For both vehicles, accidents in urban areas clearly dominate, but the 

proportion of accidents in rural areas is much higher for P25 s (similar 
conclusions reached by Useche et al., 2018; Schreck and Pöppel-Decker, 
2014; Schepers et al., 2011). In rural areas, bicycle accidents are more 
serious and the proportion of fatalities is also particularly highlighted by 
UDV (2017). 
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2.1.2. Single accidents 
P25 accidents are more often single accidents (see also Weiss et al., 

2018; ITF, 2018; Boele-Vos et al., 2017; UDV, 2017; Twisk et al., 2017a; 
Kovácsová et al., 2016; Vlakveld et al., 2015; Otte et al., 2014; Schepers 
et al., 2014) and more severe than c-bike single accidents (see also: 
Hertach et al., 2018; Weber et al., 2014). The in-depth analysis showed 
that single accidents with c-bikes and P25 s occur more frequently in 
rural areas, at night and on weekends, the most frequent causes being 
overly fast speeds (especially P25 s) and the influence of alcohol 
(especially c-bikes). 

2.1.3. Accidents at intersections 
Overall, c-bike accidents occur more often at intersections (see also 

UDV, 2017; Weber et al., 2014; Schepers et al., 2011). P25 accidents 
happen more often at intersections without traffic lights than c-bike 
accidents. Both groups less frequently bear primary responsibility for 
accidents at intersections with (operational) traffic lights. In accidents at 
intersections, passenger cars are the most frequent counterpart for both, 
the severity of accident is highest when the counterpart is a heavy goods 
vehicle (see also Pokorny et al., 2018; Richter and Sachs, 2017; Schreck, 
2016). 

2.1.4. Elderly users 
Demographic analysis of the injured road users introduced a fourth 

focus: on average, injured P25 users are much older than injured c-bike 
users. The majority of injured P25 users are at least 70 years old, 
whereas only a few are 30 or younger (see also: UDV, 2017; Schepers 
et al., 2014; Otte et al., 2014; Weber et al., 2014; Lawinger and Bastian, 
2013). The differences between the age groups of injured c-bike users 
are much smaller. For fatalities, the difference is even more remarkable: 
78 % of P25 users killed are aged 70 and older, of those killed on a c-bike 
only 43 % are 70 or older, and of all victims killed in road traffic only 26 
% are 70 or older. Elderly P25 users have more single accidents than 
elderly c-bike users. 

2.2. Analysis using further categories 

The work of Panwinkler and Holz-Rau (2019) showed that official 
statistics only partially reflect certain bicycle-specific aspects (e.g. falls). 
Hence it is necessary to analyse P25 accidents in greater depth with 
more detailed and pedelec-specific categories. The following summary 
of available research results therefore focuses on aspects that are not 
included in standard German traffic accident notifications but could be 
considered for our analysis. 

2.2.1. Categories addressing the pedelec user 
Difficulties in choosing the speed. Official German statistics 

categorise speed as an accident cause when “exceeding the speed limit” 

Fig. 1. Differentiation between conventional bicycles, pedelec 25 s, pedelec 45 s and e-bikes; (source: BMVI, 2017; graphics (partly adapted): Aktion Gib Acht im 
Verkehr, 2015). 
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or “in other cases” (StBA, 2020). 
Too slow: Vlakveld et al. (2015) mentioned that P25 accidents also 

happen when users are too slow on their P25 s (for example when trying 
to make a U-turn) and fall because they lose their balance (also Fyhri 
et al., 2019; Hertach et al., 2018; UDV, 2017; Kovácsová et al., 2016). A 
similar problem arises when (dis-)mounting the P25, a moment when 
many users also fall because they lose their balance (due to the low 
speed) (ITF, 2018). Twisk et al. (2017b) showed that especially the 
phase from standing still until the moment where the motor provides 
support is problematic for balance, also because of the greater weight of 
the P25 (Haustein and Møller, 2016). Schepers et al. (2018) reported 
that 15 % of P25 users fall while (dis-)mounting (similarly Kruijer et al., 
2012). 

Too fast: Uhr and Hertach (2017) reported that 15 % of P25 single 
accidents happen because users are too fast (similarly Haustein and 

Møller, 2016; Johnson and Rose, 2014). In this context it must also be 
noted that even though speed limits are not obligatory for 
non-motorised traffic (including P25 s) in Germany, P25 s may be too 
fast as they also have to adapt their speed to the situation (according to §
1 and § 3 StVO, 2013). Finally, Johnson and Rose (2015) showed that 
speed is often a trigger for other causes such as falls due to slippery 
surface conditions. 

Driving fitness. Official statistics categorise driving fitness as “in
fluence of alcohol/drugs/narcotics”, “overfatigue” or “other physical or 
mental disabilities”. Lawinger and Bastian (2013) drew attention to the 
fact that accidents involving older users are often categorised as due to 
“physical or mental disabilities" when those involved are actually 
cognitively overwhelmed but not disabled. Jelijs et al. (2020) showed 
that physical impairment of P25 riders is not per se a cause of accidents 
as they demonstrate that riding a P25 is possible for visually impaired 
people without marked adaptions. 

Physical effort: Operating a P25 is often viewed as not involving much 
physical effort. The actual physical effort required to move and balance 
the vehicle is therefore frequently underestimated, especially by older 
and disabled users (UDV, 2017). Twisk et al. (2017b) showed that the 
electric motor does not compensate for physical limitations in the 
starting phase (from feet on the earth to balancing) but only in the 
second phase of accelerating to achieve harmonised cycling. 

Mental workload/distraction: Even if the speed seems to be adapted to 
the situation, P25 riders often achieve higher speeds than they would 
have with a c-bike and have problems with control (UDV, 2017) due to 
the higher mental workload (Vlakveld et al., 2015). Especially elderly or 
disabled users are often cognitively overstrained, causing problems for 
instance with speed-braking relations (Weiss et al., 2018). Uhr and 
Hertach (2017) showed that 21 % of all P25 single accidents in 
Switzerland are caused by distraction or inattention. Huertas-Leyva 
et al. (2018) mentioned: “Distracting activities, such as talking on cell phone 
may also be particularly challenging for e-cyclists because of increased 
cognitive load, competing coordination tasks, and interference with visual 
scanning of the surroundings” (similar at Du et al., 2013). 

Experience: Lack of experience is cited as a risk, as many users are 
currently new to this new type of vehicle and underestimate the dif
ference in riding style compared to c-bikes (Fyhri et al., 2019; Johansson 
and Fyhri, 2018). Alcohol: The influence of alcohol is listed as an acci
dent cause in the official statistics. Still, Huppertz and Kern (2014) 
pointed out that the limit that applies to bicycles (and thus also to P25 s) 
is different (namely 1.6 ‰) to that for motor vehicles. Many studies, 
such as Uhr and Hertach (2017), and Papoutsi et al. (2014) showed that 
the influence of alcohol is an important factor for P25 accidents. 

2.2.2. Categories addressing the pedelec (the vehicle) Brakes 
Because of the higher speeds, P25 s have a higher probability of 

unplanned braking manoeuvres than c-bikes and they have to brake 
harder, which could lead to a loss of balance/control. In addition, P25 s 
are more often equipped with high-quality (disc) brakes whose stronger 
braking power is often underestimated (Huertas-Leyva et al., 2018; 
Haustein and Møller, 2016). Lawinger and Bastian (2013) showed that 
incorrect or excessive braking in connection with the unfamiliar braking 
behaviour of pedelecs particularly often leads to accidents. 

Motor. The majority of the currently available P25 s are technically 
mature. Nevertheless, technical faults are reported, such as unexpected 
reactions during vehicle operation (Hertach et al., 2018). Also, Haustein 
and Møller (2016) highlighted that crash situations commonly involve 
technical problems, such as the unexpected start of the motor or the 
motor continuing to run even after pedalling ceased (see also Lawinger 
and Bastian, 2013). Johnson and Rose (2014) reported on unintentional 
throttling due to problems and on balancing problems due to power 
surges. 

2.2.3. Categories addressing road design 
Road design. P25 s are on average slightly faster than conventional 

Table 1 
Literature review: key findings.  

Key findings with existing categories in: 
Panwinkler and Holz-Rau, 2019 

Similar findings – Example sources 

Bicycle accidents in urban areas clearly 
dominate, but proportion of accidents 
in rural areas is much higher for P25 s 
(19 %) than for c-bikes (9 %) 

Useche et al., 2018; Schreck and 
Pöppel-Decker, 2014; Schepers et al., 
2011 

P25 accidents more often single 
accidents (28 %) than c-bike 
accidents (18 %) and P25 single 
accidents more severe (413 killed/ 
severely injured P25 users per 1000 
accidents with injured) than c-bike 
single accidents (306) 

Weiss et al., 2018; ITF, 2018; Boele-Vos 
et al., 2017; UDV, 2017; Twisk et al., 
2017a; Kovácsová et al., 2016; Vlakveld 
et al., 2015; Otte et al., 2014; Schepers 
et al., 2014; Hertach et al., 2018; Weber 
et al., 2014 

C-bike accidents more often at 
intersections (53 %) than P25 (47 %) 

UDV, 2017; Weber et al., 2014; Schepers 
et al., 2011 

On average, injured P25 users are much 
older than injured c-bike users (78 % 
of killed P25 users were 70 and older 
compared to 43 % of killed c-bike 
users that were 70 and older) 

UDV, 2017; Schepers et al., 2014; Otte 
et al., 2014; Weber et al., 2014; Lawinger 
and Bastian, 2013 

Additional aspects in literature Example sources 
Speed  
P25 fall down because they lose their 

balance (U-turn, (dis-)mounting) 
Vlakveld et al., 2015; Fyhri et al., 2019;  
Hertach et al., 2018; UDV, 2017;  
Kovácsová et al., 2016; ITF, 2018; Twisk 
et al., 2017b; Haustein and Møller, 2016;  
Schepers et al., 2018; Kruijer et al., 2012 

Difficulties in choosing the speed Uhr and Hertach, 2017; Haustein and 
Møller, 2016; Johnson and Rose, 2014 

Driving fitness  
Physical effort UDV, 2017; Twisk et al., 2017b 
Mental workload/distraction UDV, 2017; Vlakveld et al., 2015; Weiss 

et al., 2018; Uhr and Hertach, 2017;  
Huertas-Leyva et al., 2018 

Lack of experience Fyhri et al., 2019; Johansson and Fyhri, 
2018 

Vehicle  
Difficulties with brakes or braking Huertas-Leyva et al., 2018; Haustein and 

Møller, 2016; Lawinger and Bastian, 
2013 

Technical problems with motor Hertach et al., 2018; Haustein and 
Møller, 2016; Lawinger and Bastian, 
2013; Johnson and Rose, 2014 

Road design  
Cycle lane design KfV, 2019; UDV, 2017; ASTRA, 2017;  

Johnson and Rose, 2015; Lawinger and 
Bastian, 2013 

Problems with obstacles Hertach et al., 2018; Papoutsi et al., 
2014; Hertach et al., 2018; Lawinger and 
Bastian, 2013; Huertas-Leyva et al., 2018 

Problems with terrain ASTRA, 2017; UDV, 2017 
Road conditions  
Slippery road (P25 specific) Hertach et al., 2018; Haustein and 

Møller, 2016 
Poor road conditions (P25 specific) Johnson and Rose, 2015; Hertach et al., 

2018  
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bikes, but KfV (Austrian Road Safety Board), UDV and ASTRA (Swiss 
Federal Roads Office) highlight that cycle paths are actually designed for 
c-bikes (KfV, 2019; UDV, 2017; ASTRA, 2017). Johnson and Rose (2015) 
reported that the horizontal and vertical curve radii of bicycle lanes may 
therefore be too narrow and lead to crashes. Lawinger and Bastian 
(2013) confirmed this, showing that overly high speeds lead to more 
single accidents when the P25 s take the curve too sharply. ASTRA 
(2017) mentioned that big vehicles for transporting children or goods 
are more common with P25 s than with c-bikes because the motor 
support makes it easier to transport the additional weight. But many 
cycle paths do not offer the space for such vehicles. 

Obstacles. Many objects in road space prove to be specific obstacles 
for bicycles. For pedelecs this can cause particular problems. Several 
studies showed that a significant percentage of severe P25 single acci
dents are caused by being caught in or skidding on a tram rail or a sink/ 
gully (Hertach et al., 2018; Papoutsi et al., 2014). Hertach et al. (2018) 
and Lawinger and Bastian (2013) showed that crossing thresholds, in 
particular conflict with kerbs, causes a significant share of P25 single 
accidents. Finally, Huertas-Leyva et al. (2018) highlighted that evasive 
manoeuvres are an especial problem with P25 s as a lot of P25 users fall 
when they try to avoid an obstacle. 

Terrain. Thanks to the motor support, P25 can also keep their speed 
constant uphill and accelerate to high speeds even faster downhill. This 
can lead to accidents in combination with other factors such as riding 
too fast or braking too hard (ASTRA, 2017; UDV, 2017). 

2.2.4. Categories addressing the road conditions 
Johnson and Rose (2014) showed that “for one in five [P25] crashes, 

road/path surface was a contributing crash factor”. Further distinctions can 
be made: 

Slippery road conditions (such as icy, wet, dirty, oily etc.) causing 
sliding or skidding (Hertach et al., 2018; Haustein and Møller, 2016); 

Poor road conditions such as unevenness, potholes, cracks, tree 
roots rising/cracking the surface, different surface materials or poor 
gravel (Johnson and Rose, 2015; Hertach et al., 2018). Some of these are 
already considered in the official German statistics but others seem to be 
specific to P25 s or at least to bicycles and not considered (in detail). 

3. Methodology and data 

We use two datasets to carry out the analysis. Dataset one is a self- 
produced dataset generated by categorising the free text accident 
description written by the police officer on site. Dataset two is generated 
by categorising data from the GIDAS (German In-Depth Accident Study) 
database (collected by the GIDAS research team on site, independently 
of the data recording by the police) with the categories found in dataset 
one. Accident severity is analysed by computing ordered probit models. 

3.1. Dataset one – TXT dataset 

3.1.1. Sampling 
We had the opportunity to analyse the raw data of P25 accidents in 

Germany, including the free text written by the police officer on site, 
describing the accident in his/her own words. The texts were provided 
anonymously by the federal states, so that it is not possible to draw 
conclusions about an individual person. Furthermore, it is not permitted 
to match this dataset with other data. However, the dataset also contains 
a large part of the official accident data, allowing basic analysis and pre- 
selections. Data were requested from the police of the 16 federal states. 
In total, data from 14 federal states were provided (North Rhine- 
Westphalia and Bremen could not provide data for technical reasons) 
for the years 2016 and 2017. The dataset contains 6253 accidents 
involving one or two road users where at least one of them was a P25 
(accidents with three or more road users involved are only included if 
the P25 was primarily/secondary responsible). 

Table 2 shows the distribution of accidents described with free text 
according to three parameters: location, type of accident and number of 
road users involved (block B). These three parameters can also be found 
in official German accident statistics. For comparison, all accidents 
involving a pedelec in 2016 and 2017 were filtered from the official 
statistics and were also displayed by those three parameters (block A). A 
comparison (block C) of the two distributions shows that the propor
tional distributions differ by only up to a maximum of two percentage 
points. Thus, the TXT dataset can be considered as representative. By 
definition, single accidents can only be “driving accidents” or “other 
accidents”. But, since not all driving accidents or other accidents 
necessarily have to be a single accident, all P25 single accidents 

Table 2 
Accidents with P25 by location, type of accident and number of road users involved. Comparison of official statistics (data: BASt) and TXT dataset.    

Block A: Official Statistics Block B: special 
request (TXT 

dataset) 

Block C: official statistics vs. TXT 
dataset   

Accidents with personal injury 
involving a … 

Accidents involving a …   

convent. bicycle pedelec 25 pedelec 25 pedelec 25   
total share total share total share difference [percentage points] 

year 2016-2017 152,861 100 % 9,192 100 % 6,253 100 %  
accident location urban roads 139,779 91% 7,438 81 % 5,051 81 % 0 

rural roads 13,082 9 % 1,754 19 % 1,202 19 % 0 

type of accident (ac) 

0: No information 0 0% 0 0% 150 2% −2 
1: Driving accident 20,303 13 % 1,862 20 % 1,174 19 % 1 
2: Ac. caused by turning off the road 26,632 17% 1,211 13 % 776 12% 1 
3: Ac. caused by turning into/crossing the 
road 53,938 35 % 2,988 33% 1,992 32% 1 
4: Ac. caused by conflict w/ pedestrian 
crossing rd. 3,232 2% 155 2% 94 2% 0 
5: Ac. involving stationary vehicles 8,624 6 % 347 4% 214 3% 0 
6: Ac. betw. vehicles moving along 
carriageway 18,362 12% 1,144 12% 811 13 % −1 
7: other type of accident 21,770 14 % 1,485 16 % 1,042 17% −1 

number of road users 
involved 

1: single accident 28,221 18 % 2,634 29 % 1,738 28 % 1 
2 road users involved 119,980 78 % 6,351 69 % 4,515 

* 72 % −1* 3 or more road users involved 4,660 3% 207 2%  
* police classify the road users involved according to their degree of responsibility for the accident. TXT dataset includes only accidents where police classify a P25 as 

bearing primary or secondary responsibility. 
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(hereinafter referred to as PSA) were selected from the dataset (total 
1738 or 28 % of all cases in the dataset). These PSA were also evaluated 
by accident type, showing that the majority were driving accidents. 
However, 24 PSA were assigned to categories 2–6, which by definition is 
not actually possible as they involve conflicts with other vehicles. They, 
as well as the 39 accidents of type 0 were therefore excluded from the 
dataset, leaving 1675 PSA in the dataset (1063 driving accidents and 
612 other - not to be confused with the accident types from Table 2 block 
B, which shows all accidents, not only single-vehicle accidents). 

3.1.2. Category identification and categorisation 
The new categories were defined on the basis of the breakdown of the 

literature analysis (Subsection 2.2) and are thus intended to cover all 
pedelec-specific aspects of accidents. After the screening, these cate
gories were evaluated and further subdivided or summarised as 
required. Based on the literature analysis, the new variables can be 
grouped into four major themes: categories addressing the user (U) (the 
term “user” is used to describe the actual driver in the two data sets), the 
vehicle/P25 (P), the road design (D) and the road conditions (R). As in 
the literature analysis, these themes can be divided into groups and 
subgroups and sometimes even sub-subgroups (see overview in Table 3). 
The resulting categories were again checked for plausibility and 
completeness. Subsequently, all PSA of the dataset were assigned to one 
or more categories. Therefore, two researchers carried out a complete 

categorisation of all cases independently of each other (see acknowl
edgements). The two categorisations were then matched and deviations 
(10.4 % of all cases) were discussed together so that one categorisation 
of the data resulted. 

In contrast to the official definition, the new definitions are inter
preted more broadly. Although even in the official statistics, pre
sumptions of the police officers would suffice as reasons for some 
variables (e.g. causes of the accident), in practice, only officially veri
fiable evidence is usually categorised here. Obvious connections are 
often not considered. In contrast, the classification in the new categories 
was rather based on the long-term expertise of the two researchers 
regarding relevant accident factors. 

An example of this is the category “indication of alcohol”. In the 
official statistics, “influence of alcohol” is a category of the variable 
“cause of accident”. Causes of accidents in the official accident statistics 
can be entered by the respective police officer on the basis of assump
tions and are validated by the state statistical offices. In fact, a pre
sumption by the police officer would be sufficient to tick this category. 
However, an evaluation of the texts and the variable “cause of accident: 
alcohol” showed that in practice, this is usually only ticked if a breath/ 
blood alcohol test is carried out and is positive. However, tests are not 
carried out for every suspicion (for example, if the suspect is bleeding 
heavily or is unconscious). Therefore, we created a new category: U3: 
indication of alcohol. In this category, we also included accidents in 

Table 3 
Systematic of the new categories.  

category (hierarchy) explanation 
U: Categories addressing the user   

U1: difficulties in choosing the speed    
U1a: inappropriate (too fast) speed including crashes when too fast in curve   
U1b: losing balance because speed too slow     

U1b1: problems while (dis-)mounting, starting, 
stopping or coming to a standstill 

users falling when trying to get on/off the bike or accelerating/stopping (not if due to braking)    

U1b2: falling when trying to U-Turn (not if going too fast)   
U1c: bicycle yawing movement around yaw axis (horizontal- or z-axis going perpendicular from top to bottom) - here used 

as a wrong choice of speed, for other aspects it could also be categorised as a technical problem  
U2: user overstrain (mental or physical)    

U2a: Attention not directed to road traffic     
U2a1: inattention and mental overload user not focusing on road traffic or not able to observe all aspects of road traffic (including hand off 

when signalising turn)    
U2a2: distraction by other road users also non-motorised road users, especially when riding in c-bike/P25 groups and during overtaking   

U2b: inexperienced users using P25 for the first time, test ride, rented P25, explicitly noted that user was inexperienced   
U2c: operating mistakes     

U2c1: veering off lane and thereby falling/ 
crashing 

not when trying to go onto lane again and thereby crashing at kerb (-> conflict with kerbs)    

U2c2: problems steering the pedelec when choosing wrong curve radius, snatching handlebar or having hand(s) off handlebar (not if hand 
off to signal turn)    

U2c3: user slips off pedal     
U2c4: losing stability due to object in spokes only objects that were detached from bike (plastic bag on handlebar, bicycle bag, bicycle lock) or from 

body (shoes)    
U2c5: other user mistakes losing balance without mentioned reason, "other" operating mistake   

U2d: sudden illness user suddenly becomes ill (e.g. heart attack, dizziness) or weak during use, resulting in inability to 
control P25 - regardless of whether there were previous illnesses  

U3: indication of alcohol indication of alcohol consumption by the user 
P: Categories addressing the pedelec   

P1: problems with brakes or braking braking too early/too late and/or too hard/too soft; also includes accidents due to brakes not working 
properly  

P2: technical fault including all other technical faults, such as engine problems 
D: Categories addressing the road design   

D1: conflict with obstacle in road    
D1a: conflict with kerbs when going up/down, touching kerbs; regular, dropped with/without channel   
D1b: conflict with rails / gully user riding into rail/gully with tyre(s)  

D2: conflict with obstacle on road hit/touched obstacle (including construction site) or fell when avoiding obstacle  
D3: terrain     

D3a: problems with downhill slope    
D3b: problems with uphill slope  

R: Categories addressing the road conditions   
R1: problems due to condition of road construction road was uneven, with potholes, cracks, root heave, etc.  
R2: problems due to condition of road surface surface was slippery (wet, icy, gravel, dirty, oily, etc.)  
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which the influence of alcohol was explicitly noted but the official cause 
of the accident was not ticked. In total, we categorised 182 PSA in the 
category U3: influence of alcohol, whereas only 154 of them were cat
egorised as cause of accident – influence of alcohol. We found that most 
of the additional accidents were serious or fatal. As an example, the 
following excerpts from two accidents which were not categorised in the 
official statistics in the category "cause of accident - influence of 
alcohol", but were categorised in the new category “U3: indication of 
alcohol”, are given: 

„[…] The smell of alcohol was noticeable in the ambulance, but since the 
cyclist was not responsive, a breath alcohol test was not possible” (Ac
cident number 12151, own translation) 
“[…] Witnesses W. and H. found the P25 user lying on the road, in a left 
turn behind the railway underpass. He was trapped under his P25 and 
was freed and turned over by the witnesses. […] The witnesses carried out 
first aid measures. During reanimation, the P25 user smelt of alcohol. The 
user died at the scene of the accident […]” (Accident number 16194, own 
translation) 
The themes, categories, subcategories and sub-subcategories are 

structured hierarchically. This means that once an accident is assigned 
to a sub-subcategory, it is also assigned to the subcategory above it, and 
so on. It is therefore sufficient for an accident to be assigned to one sub- 
subcategory for it to also be assigned to the subcategory above it. The 
accident does not have to be assigned to all sub-subcategories to be 
assigned to the subcategory above it. The new categories are exclusively 
yes/no (1/0) categories. Accidents can be categorised to multiple cate
gories on different levels. If an accident could not be assigned to any 
category at all, it was categorised as “X: unknown”. Since the assignment 
of an accident to a sub-subcategory applies to all levels above it, it is 
permissible to integrate categories of different levels in the regression 
analysis. However, multiple entries are not allowed, that is, if category 
U2 is already used in the regression model, subcategories U2a and U2b 
may not be used, but subcategories U3a and U3b may be used (provided, 
of course, that U3 is not used). Not all categories and subcategories are 
further subdivided if not necessary. 

3.2. Dataset two – GIDAS data 

3.2.1. Sampling 
GIDAS is a project of the German Federal Highway Research Institute 

(BASt) and the Research Association for Automotive Technology (FAT). 
Approximately 2000 real traffic accidents per year are recorded, 
reconstructed and simulated separately by a sampling procedure to 
represent all traffic accidents within Germany. GIDAS collects traffic 
accidents involving personal injury within two regions: the greater 
Hanover region and the Dresden region. A random sample is drawn from 
all accidents reported to the police in these regions. The GIDAS survey 
team is sent to the selected accidents. In parallel and independently of 
the police, it collects a wide range of accident variables on site and also 
later on in laboratories. Each accident gets a file with up to 3500 pa
rameters and approximately 150 systematically produced images, which 
are compiled anonymously. For this purpose, information is obtained at 
various levels: a description of the accident sequence including sketches; 
characteristics of the persons involved comprising medical data and the 
technical data of their vehicles (GIDAS, 2016). As of 27 August 2020, 
GIDAS included 72 PSA that form our dataset two. 

3.2.2. Data categorisation 
The 72 PSA from GIDAS were categorised according to the same 

criteria used for the TXT dataset. This resulted in the GIDAS dataset 
having the same new categories as the TXT dataset. Existing GIDAS 
categories, a free text description by the GIDAS accident recording team, 
reconstructions and image documentation of the accidents were used to 
allocate the accidents to the newly created categories. The GIDAS data 

also include a large proportion of the data from official accident statis
tics. These were not used to assign the GIDAS accidents to the new 
categories in order to ensure that the two datasets (TXT and GIDAS 
datasets) were produced from different information. In addition to the 
new categories, the TXT dataset was also enriched with some variables 
from official statistics (e.g. location, time of accident, type of accident, 
characteristics of the accident site, etc.). These were also added to the 
GIDAS dataset from official statistics. 

3.3. Data analysis / ordered probit modelling 

The aim of this study is to estimate the relationship between accident 
severity and several independent explanatory variables. The classical 
method for this is statistical regression (Auer and Rottmann, 2012). This 
requires a dependent variable that is scaled metrically. For our analysis, 
the data on injury severity are available as an ordinal scaled variable 
with the three possible categories slightly injured, seriously injured or 
fatally injured (Schepers, 1999). Therefore, ordered regression models 
are necessary to treat the categorial variation of the variables. Two types 
of these models exist: ordered probit (OP) models and ordered logit (OL) 
models (if the dependent variable is ordered), according to the statistical 
errors distribution (Dabbour et al., 2019; Garrido et al., 2014). Both 
formulations give very similar results. “The OP model is especially 
appropriate to model injury severity because, besides identifying statistically 
significant relationships between explanatory variables and a dependent 
variable, it also discerns unequal differences between ordinal classes in the 
dependent variable” (Duncan et al., 1998 in Garrido et al., 2014). The OP 
model assumes normality. It does not suffer from the estimation diffi
culties of the OL models (Jalayer et al., 2018; Yu et al., 2020). Therefore, 
the OP model is used in our analysis. The concept of OP to analyse ac
cident or injury severity has already been demonstrated by Aitchison 
and Silvey (1957) and McKelvey and Zavoina (1975) and is currently 
applied by many authors (e.g. Ghasemzadeh and Ahmed, 2019; Tjah
jono et al., 2019; Garrido et al., 2014; Zhang et al., 2011; Kockelman and 
Kweon, 2002; Quddus et al., 2002). They all used a regular OP to analyse 
accident severity focusing on different vehicle types. 

The ordered probit model is based on the idea that a continuous 
variable Y* (here: severity of injury) exists and can be traced back to 
exogenous variables similar to the classical regression model. The dif
ficulty arises from the fact that this (latent) variable Y* is not observable 
or directly measurable. Observable, however, is an ordinal scaled vari
able Y (here: type of injury with the three characteristics “slightly 
injured”, “seriously injured”, “fatally injured”). It is therefore assumed 
that the observed variable is connected via threshold values with the 
constant, latent variable Y* which is of particular interest (threshold 
value measurement relation). It is assumed that the actually observed 
variable Y always takes on a certain form (here: slightly injured, seri
ously injured, fatally injured) if the unobserved variable Y* exceeds a 
certain threshold value τi and falls below the following threshold value 
τI+1 (here: a P25 user involved in an accident is classified as seriously 
injured if the severity of the injury was so great that she/he had to stay in 
hospital but was not so great that it led to death) (Schepers, 1999). 

According to Zhang et al. (2011), we assume that: 
Y represents the injury severity level. We then introduce the latent 

variable Y* and define it: 
Y∗

= X × β + ε 

X represents the vector containing the full set values of explanatory 
variables 

β represents the vector of coefficients associated with the explana
tory variables 

ε represents a random error term following standard normal 
distribution 

The value of Y can be determined as: 
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Y =

⎧

⎨

⎩

1 if − ∞ < Y∗ ≤ τ1

j if τj−1 < Y∗ ≤ τj

J if τJ−1 < Y∗

⎫

⎬

⎭

or for our model:

Y =

⎧

⎨

⎩

slightly inj. if − ∞ < Y∗ ≤ τ1

seriously inj. if τ1 < Y∗ ≤ τ2

fatally inj. if τ2 < Y∗

⎫

⎬

⎭

J represents the number of injury severity levels (in our case 3) 
τj represents the threshold parameter to be estimated for each level 
(Sources of formulas and descriptions: Zhang et al., 2011) 
The parameters of the regression equation and the threshold values 

can be estimated using the maximum likelihood method, assuming 
normally distributed errors. However, two restrictions are necessary for 
the estimation: the position parameter restriction τ1 = 0 and the scale 
restriction σ2 = 1. The estimated parameters are then to be interpreted 
similarly to the parameters of a classical regression model (Schepers, 
1999), meaning that the estimator of each variable can range from -1 to 
1, with variables with a positive estimator suggesting higher severity of 
injury and variables with negative estimators suggesting lower severity 
of injury. 

Txt model. For our TXT model, we used the injury severity of the 
P25 user as the dependent variable and our newly categorised variables 
from the text files as well as official variables (that were included in the 
text file) as the independent variables. We performed several analyses in 
order to find the best fitting model by adding the official variables one 
by one to the model. In the end, the following variables from the official 
data were chosen: accident location, season and characteristic of acci
dent location. Most of the pedelec users were aged 50 or older. At first, 
the user’s age was implemented as a dummy variable (i.e. separate 
variables for children, adults, young seniors (aged 65–74) and elderly 
(75 and older)) but tests showed that implementing the user’s age as a 
metric variable gave better explanations than as an ordinal variable (i.e. 
age groups). Therefore, the variable age of user was implemented as a 
metric variable. 

Similar coefficients would produce multicollinearity. In order to 
warrant meaningful model estimations, not only in terms of the statis
tical significance of the estimated coefficients but also to ensure 
reasonable magnitudes and signs for those coefficients, it is advisable to 
remove one of two similar variables (Garrido et al., 2014). Therefore, 
variables of the official statistics that are close to the new categories 
were excluded. This is especially the case for the new category “indi
cation of alcohol” which is similar but not the same as the variable 
“influence of alcohol” in the official statistics (see Subsection 3.2.2). 
Hence, the latter was removed from the model as tests with both vari
ables showed biased results. 

4. Results 

4.1. TXT dataset 

The detailed analysis of the TXT data model included 1376 accidents 
because cases without injured persons and cases with no categorisations 
were excluded. 

Table 4 shows the complete categorisation of the TXT dataset in 
block A, multiple answers were possible. The table is divided into two 
groups. The first group of lines shows the categories of official statistics, 
the second group of lines shows the newly created categories. 

From the categories of the official statistics (group 1), it can be seen 
that almost three quarters of accidents included in the TXT dataset 
occurred on urban roads. Two thirds of all injured users were male and 
most accidents happened in Q3 (July-September). The characteristics of 
the accidents were rarely described, sideroads are most frequently 
mentioned (5 % of all P25 accidents). Fatally injured P25 users were 
mostly male (16 of 19). Ten accidents with fatal injuries happened in Q3. 
Although just a quarter of these PSA were on rural roads, almost half of 

the fatal accidents occurred there. 
Of the newly created categories (group 2), the following were most 

frequently assigned: inappropriate (too fast) speed (18 %), inattention or 
mental overload (13 %), distraction by other users (9 %), veering off 
lane and thereby falling or crashing (9 %), indication of alcohol (13 %), 
problems with brakes or braking (14 %), conflict with kerbs (23 %), 
conflict with obstacles on road (14 %), problems due to downhill slope 
(15 %) and problems due to bad surface conditions (9 %). Of those ac
cidents where the P25 user was fatally injured, seven users were clas
sified as riding at inappropriate (too fast) speeds, five lost their balance 
because of overly slow speeds, six had problems with brakes or braking 
and eight users fell on a downhill slope. In addition, accident severity 
was also high with yawing, objects in the P25′s spokes or when the user 
was inexperienced. 

Severity. Table 5 shows the results of the ordered probit analysis. 
The estimator does not describe the probability that an accident will 
occur but estimates the probable severity of the injury caused by the 
accident. 

On the basis of our model (Table 5), the reference accident (group 0) 
has an estimate of -1.43 which is below the τ1 threshold of 0.00. Hence, 
the reference accident is expected to involve a P25 user being slightly 
injured. The model is significant (0.00), final 2 log-likelihood is at 1839 
which could be stronger. Of the official categories, accidents on rural 
roads, at the beginning and end of the year (Q1 and Q4), in curves and 
driving accidents all give significant results with positive estimations 
meaning that high injury severity is expected. Age of user also has a 
significant result with a positive estimate, meaning the older the user the 
higher the severity expected if a PSA happens. 

All new categories (block 4) are included as dummy variables (yes/ 
no) in our model. The table only lists the estimates if the category was 
“yes” and sets it relative to “no” (answer “no” is not displayed and 
represents the reference case). Accidents assigned to a new category 
(“yes”) with estimates that have positive values suggest a higher severity 
than the reference case (“no”), while those with estimates that have 
negative values suggest a lower severity than the reference case (“no”). 
For example, for an accident included in the new category “conflicts 
with kerbs” with “yes”, the estimate value for “yes” is -0.18 in Table 5 
(with a significance of 0.08, meaning it fulfils the 90 % significance 
level). Therefore, an accident due to a conflict with kerbs suggests a 
lower severity than the reference “ano conflict with kerbs”). 

Significant. Nine of the new categories (group 4) produced signifi
cant results on a 90 % level (accepting that this has a greater degree of 
uncertainty than the usual confidence level of 95 %). Four of them were 
above the τ1 threshold meaning that, compared to the other categories, 
the highest injury severity is expected for accidents due to objects in 
spokes (0.94), accidents on downhill slopes (0.65), bicycle yawing 
(0.26) and indication of alcohol (0.21). The other five were below the 
threshold, meaning that compared to the other categories, lower injury 
severity is expected in cases of problems steering the P25 (-0.34), 
problematic condition of road surface (-0.26), problems with brakes or 
braking (-0.20), conflicts with kerbs (-0.18) or inattention and mental 
overload (-0.18). 

Non-significant. The other categories did not produce significant 
results on a 90 % level, but the following trends can be seen: high injury 
severity is expected for accidents when users are inexperienced (0.28), 
riding at inappropriate (too fast) speeds (0.24) and when the P25 has 
technical defects (0.17). Accidents caused by sudden illness (0.04) or 
veering off the lane (0.02) are still expected to be more severe than the 
reference accident but with estimates just slightly above the threshold. 
Low injury severity is expected when users slip off the pedal (-0.47), 
experience problematic road construction conditions (-0.26), are 
distracted by other users (-0.21), have problems on uphill slopes (-0.21), 
come into conflict with an obstacle on the road (-0.16) or rails/gullies 
(-0.11), make other user mistakes (-0.05) or lose their balance because 
their speed is overly slow (-0.03). 

An interim conclusion can be drawn that high injury severity is 
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expected for accidents due to objects in spokes or problems on downhill 
slopes, inexperienced users, bicycle yawing, riding at inappropriate (too 
fast) speeds, indication of alcohol or when the P25 has technical defects 
(although not all of them significantly). 

4.2. GIDAS dataset 

Table 4 also shows the complete categorisation of the GIDAS dataset 
(block B), again with variables from the official statistics in group 1 and 
the newly created categories in group 2. Multiple answers were possible. 

Only four of the 72 accidents (6 %) occurred on rural roads, which 
could be explained by the structure of the two study regions where urban 
roads predominate although there are also rural roads. This fact, as well 
as the generally smaller number of cases, must be kept in mind for the 
further analysis. The proportion of men among the injured (67 %) and 
the distribution between the two types of accident (60 % driving acci
dents) are similar to the TXT dataset. But the cases are somewhat more 
evenly spread over the seasons. This could be due to the fact that GIDAS 
accidents are recorded in two urban regions where the conditions are 

more frequently appropriate for cycling even in winter (less snowfall 
than in southern Germany, snow removal). In addition, more people in 
cities use the pedelec to commute, which they also do in winter. Char
acteristics of the accident site were categorised more often; sideroads are 
also the most common site. 

Due to the larger amount of information, individual accidents could 
be assigned to considerably more categories in the GIDAS-model. 
Therefore, an accident was assigned on average to 1.75 categories in 
the TXT-model and to 3.32 categories in the GIDAS-model. As in the 
TXT-model, the categories with most mentions were inappropriate (too 
fast) speed (31 %), inattention / mental workload (46 %), indication of 
alcohol (21 %), conflict with kerbs (21 %), conflict with obstacles on 
road (31 %), problems with downhill slope (18 %) and problems due to 
surface conditions (29 %). Differences are problems with brakes or 
braking which was mentioned less frequently (11 %), while distraction 
by other users (24 %) and having problems with uphill slopes (10 %) 
were mentioned more often. 

On average, accident severity is slightly lower for the GIDAS dataset 
than for the TXT dataset. This could be explained by the significantly 

Table 5 
Ordered probit analysis of TXT dataset.  

blocks category groups categories references estimate sig. 
0: reference reference accident . . −1.43  
1: threshold injury severity τ1 . 0.00 0.00 

(1=slight, 2=serious; 3=fatal) τ2 . 2.15 0.00 
2: metric variables age of pedelec user age in years . 0.01 0.00 

3: characteristics from official statistics 

accident location rural relative to urban 0.18 0.03 
sex of pedelec user female relative to male 0.08 0.28 
type of accident driving accident relative to other type 0.16 0.04 
season quartal 1 relative to Q3 0.42 0.00  

quartal 2 relative to Q3 0.13 0.11  
quartal 4 relative to Q3 0.35 0.00 

characteristic of accident location intersection yes, relative to no −0.45 0.08  
sideroad yes, relative to no 0.06 0.71  
slip road yes, relative to no 0.02 0.93  
curve yes, relative to no 0.45 0.01 

4: new categories 

categories addressing the user     
inappropriate (too fast) speed yes, relative to no 0.24 0.12  
losing balance because speed too slow yes, relative to no −0.03 0.85  
bicycle yawing yes, relative to no 0.26 0.08  
inattention and mental overload yes, relative to no −0.18 0.09  
distraction by other users yes, relative to no −0.21 0.11  
inexperienced user yes, relative to no 0.28 0.15  
veering off lane and thereby falling/crashing yes, relative to no 0.02 0.91  
problems steering the pedelec yes, relative to no −0.34 0.06  
user slips off pedal yes, relative to no −0.47 0.27  
losing stability due to object in spokes yes, relative to no 0.94 0.01  
other user mistakes yes, relative to no −0.05 0.81  
sudden illness yes, relative to no 0.04 0.84  
indication of alcohol yes, relative to no 0.21 0.08 

categories addressing the pedelec     
problems with brakes or braking yes, relative to no −0.20 0.08  
technical fault yes, relative to no 0.17 0.52 

categories addressing the road design     
conflict with kerbs yes, relative to no −0.18 0.08  
conflict with rails or gully yes, relative to no −0.11 0.53  
conflict with obstacle on road yes, relative to no −0.16 0.14  
problems with downhill slope yes, relative to no 0.65 0.00  
problems with uphill slope yes, relative to no −0.21 0.39 

categories addressing the road conditions     
problematic condition of road construction yes, relative to no −0.26 0.21  
problematic condition of road surface yes, relative to no −0.26 0.04 

5: parameters & model 

parameters      
Pseudo R2: Cox and Snell 0.10    
Pseudo R2: Nagelkerke 0.14    
Pseudo R2: McFadden 0.07   

model      
−2 Log-Likelihood: intercept only 1990.02    
−2 Log-Likelihood: final 1839.14    
Chi-Square 150.87    
df 33    
sig. 0.00    
cases: n = 1376    
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lower amount of PSA in rural areas, which (on average) have a higher 
accident severity (see Panwinkler and Holz-Rau, 2019). The proportion 
of accidents with fatalities is 1.4 % in each dataset. However, due to the 
small number of accidents, accident severity calculated as seriously or 
fatally injured per 1000 accidents is not very meaningful in the GIDAS 
dataset. 

The GIDAS-model should be performed with the same variables as 
the TXT-model to compare the two models. As Table 4 shows, several of 
the newly created categories have expressions with less than ten cases. 
However, we considered the minimum number of ten cases per 
expression as a limit for the inclusion of a variable in the model. 

Therefore, the model had to be adapted. Categories of official sta
tistics that showed fewer than ten cases in one answer option have been 
removed. Since the newly created categories are structured hierar
chically (see Table 3), the lowest category level, which contains at least 
ten cases, was used for each category. We called it the aggregated model 
and performed an ordered probit with both the TXT and the GIDAS 
datasets. The categories used can be seen in Table 6. It turned out that 
two of the variables in the two models were directed differently: user 
overstrain (mental/physical) and problems with the vehicle. As can be 
seen in Table 4, their subcategories are directed differently (some cat
egories are dominated by minor accidents, others by serious accidents). 
Therefore, we split the variable overstrain into its subcategories 
(although one variable (sudden illness) in the GIDAS-model has less than 
ten cases). Also, we split the variable problems with terrain into prob
lems with downhill slope and problems with uphill slope (though the 
latter had just seven cases) because they were oppositely directed and 
distorted each other. We performed ordered probit analysis for both 
models again, including the split variables. The results are more 
meaningful. The model quality remained unchanged. Therefore, we 
decided to use these models. 

4.3. Comparison 

As expected, the results of the aggregated TXT-model are similar to 
the original TXT-model. The estimates for each new category have the 
same direction, and for aggregated categories the subgroups with the 
most cases tend to dominate. The model is significant, log-likelihood is 
similar. 

The GIDAS-model is not significant. The reference accident is also 
expected to cause only slight injury. However, the negative estimate 
value is much closer to zero. In principle, all new categories have the 
same direction, with the exception of the category “problems with 
vehicle” (the low number of cases of the GIDAS-model probably plays a 
role here, with no fatalities among the ten accidents of this category. The 
TXT-model includes 210 accidents of this category, six of them with fatal 
injuries). The highest injury severity in the TXT-model is expected for 
the categories: problems with downhill slope (0.63, the only significant 
positive estimate), inexperienced user (0.30), indication of alcohol 
(0.22), difficulties in choosing the speed (0.14) and sudden illness 
(0.04). Estimates in the GIDAS-model do not differ greatly. The GIDAS- 
model thus supports the findings from the TXT-model. 

5. Discussion 

The aim of this study was to find out whether pedelec (P25) single 
accidents (PSA) have specific causes that have not been recorded in the 
official accident statistics so far. In addition, attention was also directed 
towards which of these categories occur frequently and in which the 
users are likely to suffer particularly serious injuries. For this purpose, 
1738 PSA from the years 2016 and 2017 in 14 federal German states 
were analysed. This corresponds to a representative sample and, to our 
knowledge, is to date the most extensive dataset analysed qualitatively 

Table 6 
Ordered probit analysis of TXT and GIDAS datasets (aggregated categories).      

TXT-Model GIDAS-Model 
blocks category-groups categories references est. sig. est. sig. 
0: reference reference accident   −1.41  −0.05  
1: threshold injury severity τ1  0.00 0.00 0.00 1.25 

(1=slight, 2=serious; 3=fatal) τ2  2.12 0.00 2.32 3.35 
2: metric var. age of pedelec user age in years  0.01 0.00 0.01 0.28 
3: characteristics from official statistics sex of pedelec user female relative to male 0.06 0.41 −1.12 0.03 

type of accident driving accident relative to other ac. 0.16 0.03 0.38 0.41 

4: new categories 

categories addressing the user       
difficulties in choosing the speed yes, relative to no 0.14 0.13 0.02 0.96  
attention not directed to road traffic yes, relative to no −0.20 0.02 −0.26 0.50  
inexperienced user yes, relative to no 0.30 0.12 0.31 0.69  
difficulties handling the P25 yes, relative to no −0.03 0.80 −0.53 0.30  
sudden illness yes, relative to no 0.04 0.85 0.09 0.90  
indication of alcohol yes, relative to no 0.22 0.07 0.18 0.72 

categories addressing the pedelec       
problems with vehicle (P25) yes, relative to no −0.14 0.19 0.60 0.28 

categories addressing the road design       
conflict with kerbs yes, relative to no −0.15 0.14 −0.29 0.59  
conflict with rails or gully yes, relative to no −0.09 0.58 −0.46 0.45  
conflict with obstacle on road yes, relative to no −0.14 0.19 −1.19 0.04  
problems with downhill slope yes, relative to no 0.63 0.00 0.21 0.66  
problems with uphill slope yes, relative to no −0.28 0.24 −0.15 0.83 

categories addressing the road conditions       
problematic condition of road yes, relative to no −0.23 0.05 −0.31 0.51 

5: parameters & model 

parameters        
Pseudo R2: Cox and Snell  0.09  0.27   
Pseudo R2: Nagelkerke  0.12  0.36   
Pseudo R2: McFadden  0.06  0.22  

model        
−2 Log-Likelihood: intercept only  1985.00  99.97   
−2 Log-Likelihood: final  1855.26  77.52   
Chi-Square  129.74  22.45   
df  22.00  22   
sig.  0.00  0.43   
cases: n = 1376  72   
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and quantitatively on this topic. The dataset consists of the free text 
descriptions of experienced police officers and forms a high-quality 
database. With this, numerous new categories could be defined. Most 
of the new categories address the user or the road design. These two 
factors were also assigned most cases (60 % of the accidents were 
assigned to categories addressing the user, 54 % of the accidents were 
assigned to categories addressing the road design; accidents can be 
assigned to several categories). With the dataset it was also possible to 
analyse the severity of injuries using ordered probit analysis. Of the nine 
categories where serious injuries are expected, most (seven) categories 
address the user. In addition, serious injuries are expected in the case of 
problems with downhill slopes and technical faults (although not all 
significant). An additional ordered probit analysis with a second dataset, 
based on different sources but using the same categorisation, supports 
these results. 

5.1. Interpretations 

Of the newly created categories, inappropriate (too fast) speed, 
indication of alcohol and problems with downhill slope were mentioned 
most and estimated to cause most severe injuries. One explanation for 
this could be that high speeds are reached more quickly and easily both 
by means of motor assistance and by downhill gradients, and that speeds 
are thus underestimated (see Haustein and Møller, 2016). The higher 
speeds result in higher impact forces, which in turn cause more severe 
injuries (see Otte et al., 2014). Users with indications of alcohol may also 
underestimate speeds or react more slowly and thus have less time to 
reduce speed (see Airaksinen et al., 2018; Hertach et al., 2018). It can 
also be assumed that users fall more clumsily under the influence of 
alcohol, i.e. they can no longer protect themselves adequately if they fall 
off their bicycle and may hurt themselves more seriously because they 
are less able to prevent injuries. 

In contrast, the newly created categories, inattention and mental 
overload, problems with brakes or braking, conflicts with kerbs, con
flicts with obstacles on road and problematic road surface conditions 
were mentioned frequently but estimated to cause only slight injuries. 
Many accidents of the category inattention and mental overload are 
estimated to result only in minor injuries, which might be because 
serious accidents of this category are probably collisions with other road 
users (such as lorries, see Panwinkler and Holz-Rau, 2019) which are not 
part of this analysis. On the other hand, obstacles are usually not in 
motion (no opposite impact energy), not firmly anchored (e.g. wheelie 
bin) or are cushioning (e.g. hedge) and hence impact energy is lower 
which may mitigate severity. Hertach et al. (2018) found that accidents 
involving kerbs often result in serious injuries. However, their category 
only includes conflicts when the P25 comes too close to the kerb. Our 
category also (mainly) includes accidents where the user was trying to 
go up or down the kerb. This is usually done at low speed, which in turn 
leads to a fall with less impact energy, which is likely to cause fewer 
injuries. The fact that incorrect braking often occurs but causes 
comparatively few serious injuries, could be due to the fact that incor
rect braking will still reduce speed. Although the accident cannot be 
avoided, the impact energy is significantly reduced (see Johnson and 
Rose, 2015). Problems with road surface conditions are common and 
this was to be expected. For example, cycle paths are often more poorly 
maintained than the main roadway or (if there is no cycle path) the road 
surface is usable for cars but not for pedelecs (e.g. broken cobblestones). 
The fact that this usually results in only minor accidents could be 
explained by the P25 cyclists already using increased caution (and 
consequently low speeds) on these routes (see Johnson and Rose, 2015). 

In addition, the new categories bicycle yawing, inexperienced users, 
losing stability due to object in spokes and technical faults were 
mentioned rarely but estimated to be serious. The fact that PSA caused 
by yawing often result in serious injuries could be explained by the fact 
that yawing causes a loss of control in which the P25 is usually unbraked 
and therefore crashes with high impact energy. Accidents involving 

inexperienced users are likely to be rare, as inexperienced users are also 
rare (they are inexperienced on their first trips and then make far more 
trips as experienced users; in addition, more and more beginners are 
now being offered training courses when buying or hiring pedelecs). The 
fact that these few accidents are likely to result in serious injuries shows 
how important training is. Accidents due to technical defects (except 
brakes) are rare. One reason for this is probably that most of the vehicles 
are still very new (most of them were purchased in the last few years; 
ZIV, 2020) and speaks for the high quality of the vehicles. The fact that 
injuries, if they occur, are usually severe could be due to the fact that the 
vehicles then get out of control and crash without braking (hence high 
impact energy). Accidents caused by objects in spokes are rare. This 
could be due to the fact that the users have been sensitised to correct 
handling of vehicles or that vehicles are equipped with safety pre
cautions (spoke protection). If it happens, however, it results in an 
unbraked fall (see Hertach et al., 2018). 

5.2. Limitations 

Although the datasets representatively reflect the occurrence of PSA, 
the following limitations could not be avoided. 

The accident figures represent the actual number of accidents. They 
are not proportional to the number of vehicles or users or to the dis
tances or routes travelled with them. This is due to the fact that little 
information on these exposures is available at present. Moreover, the 
dataset only includes accidents from the years 2016 and 2017, which 
means that it is not possible to analyse trends. Numerous studies (e.g. 
Shinar et al., 2018) show that the number of unrecorded bicycle acci
dents, and in particular those of single accidents, is very high. It is to be 
expected that the dark figure of PSA is also very high, but to our 
knowledge there are no studies on this yet. Our study covers most re
gions of Germany and thus diverse areas with different conditions in 
terms of relief and tourism, urban as well as rural regions, and different 
user groups. As for other studies (e.g. Schepers et al., 2014; Weber et al., 
2014), results are not always directly transferable to other countries. 
The categories “inexperienced riders” and “sudden illness” tried to 
consider as much as possible the requirements of the users. Nevertheless, 
factors such as whether the riders were familiar with the area, were 
physically fit enough to use the P25, or accidents in the past had caused 
uncertainty could only be considered in part. The GIDAS dataset con
tained much more information on these factors, but completeness 
cannot be guaranteed here either. For example, Weiss et al. (2018) 
showed that the vulnerability of users varies greatly. There is also some 
uncertainty regarding the technical information, as it is often not 
possible to tell whether a defect was caused by the accident or existed 
before the accident (and even caused the accident). The same applies to 
intentional modifications (tuning) of the vehicles, these are often not 
directly visible. Moreover, the analyses only cover single accidents. 
However, an accident involving a P25 and other road users may actually 
be a single accident that only becomes serious after a second collision, 
for example if a P25 user falls and is then run over by a car. Finally, it 
must be mentioned that hardly any information is available on helmets 
or other protectors. For example, only 20 % of all accidents in the TXT 
dataset mentioned whether the user was wearing a helmet or not. Of 
these 20 %, half wore a helmet, the other half did not, which does not 
allow any conclusion to be drawn about the remaining 80 % or allow 
analyses of the severity of injuries. The protective effect of a helmet can 
be assumed. To what extent a helmet mitigates injury cannot be said in 
this case, however. 

5.3. Recommendations 

The study shows that pedelec 25 single accidents have specific cau
ses, some of which are not recorded in a standardised way by the police. 
It would therefore be worth considering whether and how additional 
categories could be included in the accident questionnaire, especially 
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those addressing the user (such as inattention or mental overload) or the 
road design (such as kerbs, rails/gullies). The results of the analysis 
show that single accidents with serious injuries are mainly classified in 
categories that address the P25 user (and her/his behaviour), as well as 
accidents on downhill slopes. In order to prevent serious PSA, sensiti
sation and further training of users, for example in introductory courses 
or safety training, could be particularly helpful. 

6. Conclusions 

With the help of a mixed method approach, numerous new pedelec- 
specific accident categories could be defined from the free text de
scriptions of the police accident reports. Most of the new categories 
address the user or the road design. These two factors were also assigned 
most cases (60 % of the accidents were assigned to categories addressing 
the user, 54 % of the accidents were assigned to categories addressing 
the road design; accidents can be assigned to several categories). The 
dataset also made it possible to analyse the severity of injuries. Of the 
nine categories where most serious injuries are expected in case of an 
accident, most categories (seven) address the user (inappropriate (too 
fast) speed, indication of alcohol, bicycle yawing, inexperienced users, 
when objects catch in spokes and, with weaker expectations, veering off 
lane and sudden illness). In addition, serious injuries are expected in 
accidents due to problems on downhill slopes or technical faults. An 
analysis with a different dataset supports these statements. Further 
research could explore how these findings could be applied to pedelec 
accidents involving other road users and how the results relate to 
exposure data such as mileage or stock. 
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A B S T R A C T   

The pedelec 25 (pedal electric cycle) has established itself as a popular mode of transport, with sales rising. 
Unfortunately, this has also led to an increase in the number of accidents. Analyses of pedelec accidents have 
been carried out, but most studies are based on technical variables. Neither spatial, geographical factors, for 
example the terrain, nor socio-geographical aspects, such as whether an accident occurred in a tourist region, 
have been much addressed. However, geographical exposure can vary significantly. Therefore, we assume that 
spatial differences contribute to regional variations in numbers of accidents and resulting injuries associated with 
both bicycle types (pedelecs 25 and conventional). Thus, the aim of this paper is to determine geographical 
factors that influence severe accidents and to evaluate this influence. We have identified relevant geographical 
factors and proven their influence on two types of severity: risk of severe bicycle accidents per region (RS) and 
probability of severe injuries in case of accident (AS). Spatial analyses indicate that for both bicycle types, 
severity of accident increases in rural, mountainous or tourist regions. Regression analyses of RS provided further 
evidence: compactness of settlement structure (thus urbanity/rurality), share of tourists, altitude differences 
(only pedelecs), rate of registered motor vehicles and share of elderly population (only pedelecs) influence the 
risk of severe bicycle accidents per region. The influence of geographical variables tended to be greater for 
pedelecs. Regression analyses of AS reveal that geographical factors also have an influence on the probability of 
severe injuries in case of an accident.   

1. Introduction 

A pedelec 25 (pedal electric cycle, a bicycle with an electric motor 
that supports its user up to a speed of 25 kmph when pedalling, here
inafter P25) is still a novel type of bicycle. It can help people to become 
more mobile [1], to travel longer distances [2,3] or to overcome dif
ferences in altitude that would not have been managed with a conven
tional bicycle (hereinafter CB) [4,5]. P25s can help people to maintain 
or improve their health and fitness through physical activity [6,7]. 
Finally, they provide an opportunity to switch to an environmentally 
friendly means of transport [8], reducing motor vehicle traffic and thus 
congestion and pollution [9,10]. 

Sales of pedelecs have increased rapidly in recent years, in Germany 
[11] as well as in other countries ([12]; Switzerland: [13]; Austria: [14]; 
Netherlands: [15]). This has led to an increase in the number of pedelecs 
in circulation and in the share of pedelecs in the total number of all 
bicycles. Unfortunately, an increased presence of P25s on German roads 

has resulted in more P25 accidents [16]. 
Panwinkler and Holz-Rau [17] have already compiled a comparison 

of several (motorised) two-wheeler types highlighting that a “pedelec 25 
([…] P25) is a bicycle that supports pedalling with an electric motor up to a 
speed of 25 km / h. The electric motor may provide support with a rated 
continuous power of 250 W maximum. A traction aid, i.e. propulsion of the 
bicycle at the push of a button or by turning a handle and without pedalling, is 
only permitted up to a maximum speed of 6 km / h. From a legal standpoint, 
the P25 is classified as a bicycle in Germany so the same road safety regu
lations apply to its user (based on §1 (3) of the road traffic act (StVG), 
[18]).” They (ibid.) give an overview of these regulations, explaining 
that wearing a helmet and holding insurance are recommended but that 
neither is compulsory, and that no driving or operating license is 
required. The overview also includes the pedelec 45 (P45 or “s(peed) 
pedelec”) and the e-bike, highlighting that P45s and e-bikes are not 
considered to be bicycles but are treated as motor vehicles by German 
law and are therefore subject to different legal obligations. Panwinkler 
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and Holz-Rau [19] describe that, “The electric motor of a P45 supports the 
user when pedalling to a speed of 45 km / h. Without pedalling, the motor 
drives the vehicle up to a speed of 20 km / h. An e-bike does not necessarily 
have any pedals as the motor may also drive the vehicle without pedalling but 
instead turning a handle. Users of both these vehicles have to wear appro
priate helmets, need the corresponding driving and operating licenses, must be 
insured and must attach an insurance plate to the vehicle [18]. Another 
consequence is that these vehicles are not allowed to use cycle lanes (with 
some exceptions for e-bikes).” According to Regulation (EU) No 
168/2013, P45s (and the German version of e-bikes, as described above) 
are categorised as L1e-B, but according to Article 2(h) of Regulation 
(EU) No 168/2013, P25s (like CBs) are not L (and hence not L1e) as they 
are not motor vehicles but bicycles, because their motors serve only for 
support [20]. As this study deals with a new type of bicycle and its 
consequences for cycle traffic, the following analysis is based on P25s 
and conventional bicycles only. 

In order to make cycling more attractive and consequently encourage 
even more people to switch to cycling, it is important to increase safety. 
Macioszek and Jurdana [21] show that suitable cycling infrastructure 
can be a decisive factor in increasing safety. Panwinkler [22] also shows 
that cycle paths increase safety and that the severity of accidents is lower 
on cycle paths. The question therefore arises as to the influence of 
geographical factors (such as gradients). In regions that have not been 
attractive for cycling (e.g. due to steep gradients), there is usually little 
cycling infrastructure. However, with the new possibilities offered by 
pedelecs (greater range, overcoming steeper gradients, etc.), it seems 
likely that a new demand for cycling infrastructure will be created in 
these regions. A geographical analysis seems helpful here. In order to 
make cycling, especially with pedelecs, even more attractive, it is also 
necessary to further increase safety for these road users. 

Researchers such as Comi et al. [23] have already shown how 
datamining techniques can be used to identify the main causes and most 
common constellations of road accidents. Many researchers, such as 
Macioszek and Granà [24] for Poland, have already analysed bicycle 
accidents in detail and pointed out the common causes of accidents 
(such as socio-geographical characteristics of users, speeding, alcohol or 
incident site). There are also already some scientific findings concerning 
P25 accidents and differences to CB accidents available. For Germany, 
Panwinkler and Holz-Rau [19] have shown that P25 accidents are more 
severe (with absolute numbers of P25 accidents between 2014 and 2017 
being much lower than those of CB accidents). For both vehicle types, 
accidents in urban areas clearly dominate, but the proportion of P25 
accidents in rural areas is much higher. P25 accidents are more often 
single accidents, and injured (especially fatally injured) P25 users are on 
average older than injured CB users. UDV [25], Schepers et al. [26], 
Weber et al. [27] or Johnson and Rose [28] come to similar conclusions 
for their study regions. 

Panwinkler and Holz-Rau [17] and Hertach et al. [29] have identi
fied some pedelec-specific causes of accidents (most of them concern 
user skills, behaviour and road design). They analysed the influence of 
such factors on the severity of accidents, revealing that most severe in
juries are expected in accidents caused by problems on downhill slopes, 
technical faults, inappropriate (overly fast) speed, indication of alcohol, 
bicycle yawing, inexperienced users, objects catching in spokes and, 
rather seldom, veering off lane and sudden illness. 

The literature cited above has in common that mostly technical 
variables are used for accident analysis. Neither spatial, geographical 
factors, for example the terrain, nor socio-geographical aspects, such as 
whether the accident occurred in a tourist region, are much addressed. 
The studies that are available deal with all bicycles rather than sub- 
categories of types. To date, no spatial perspective on P25 accidents 
has been adopted. However, we assume that spatial differences and 
geographical factors – such as mountainousness – vary sufficiently 
within Germany to influence P25 and CB accidents and the severity of 
resulting injuries. 

In road safety work, the focus is first and foremost on avoiding severe 

accidents in order to prevent or at least alleviate human suffering. From 
an economic point of view, avoiding severe and thus expensive accidents 
has priority as well [19]. Therefore, it is important to identify whether 
geographical variables influence the number of severe accidents per 
capita in a given area (the “Risk of Severe bicycle accidents” hereinafter 
“RS”, e.g. severe accidents per (present) population of a district), and 
also the probability of severe injury in case of an accident (the “Accident 
Severity” hereinafter “AS”, e.g. severe bicycle accidents per total bicycle 
accidents). 

The aim of this study is to add a spatial perspective to P25 accident 
analysis. First, we would like to identify the risk (RS) and the probability 
(AS) of accidents involving severely injured cyclists on a regional level, 
with the aim of determining whether there are spatial differences be
tween P25 and CB accidents in Germany. Second, we intend to identify 
geographical factors that may influence accident severity and, third, to 
analyse the extent to which the level of influence differs between P25 
and CB, thus answering the question: does geography matter in bicycle 
accident analysis? 

To examine this problem, we used the following approach. We first 
conducted a literature analysis to identify relevant geographical factors. 
In the second step we analysed German accident data, beginning with a 
visual analysis. For this purpose, we displayed the accident data in maps. 
We performed descriptive analyses of the identified geographical factors 
to gain an overview of their spatial distribution. Finally, we imple
mented regression analyses to estimate the influence of each 
geographical factor on accident severity. We analysed the influence of 
the geographical factors on RS at the level of the German regional 
administrative unit “Kreis” (district) and calculated the RS as the total 
number of severe bicycle accidents that occurred in the district (polygon 
data) divided by the present population (inhabitants and tourists) of the 
district. The influence of the variables on AS was analysed using the data 
concerning individual accidents and the road users involved (point 
data), with AS calculated as a ratio between the number of bicycle ac
cidents with severely injured bicycle users and the total number of bi
cycle accidents with injuries. 

This paper aims to add a geographical perspective to bicycle accident 
analysis, addressing regional patterns of bicycle accidents and their 
severity. Furthermore, the influence of geographical factors on severity 
is demonstrated. The following Section 2 categorises relevant literature 
and derives hypotheses. Section 3 defines the study area, the data used 
and the methodology. In Section 4, results are first presented as a spatial 
overview with severities displayed in maps, followed by regression 
analysis to examine the influence of geographical indicators. Section 5 
discusses the results in four steps, beginning with a summary of results, 
then interpreting them and finally discussing limitations and recom
mendations. The paper ends with conclusions for research and policy. 

2. Literature analysis 

Geographical components are becoming increasingly important in 
accident research. Ziakopoulos and Yannis [30] conducted a compre
hensive meta-study of scientific papers with the focus on explanatory 
variables used in accident research. On the macro level (regional / 
conditional approach) they divided these variables into five categories: 
traffic, road environment, demographic, socio-economic and land use. 
Other authors have used similar divisions, for example, Holz-Rau and 
Scheiner [31] named three groups of impact factors for accident risk: 
risk exposure, environment, and social and psychological factors. Thus, 
accident researchers have in some cases taken geographical factors into 
account. 

The following literature review identifies spatial, geographical fac
tors that possibly influence bicycle accidents and severity of injuries. It is 
based on Ziakopoulos and Yannis’ [30] classification into five cate
gories. Table 1 categorises the sources analysed according to the severity 
concept they used for bicycle accidents (RS or AS). Based on this, hy
potheses are formulated that not only consider the different types of 
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severity (RS or AS), but also differences between P25 and CB accidents. 
The assessed variables are written in bold in the text below, while the 
hypotheses and their variables are summarised in Table 2 as a conclu
sion of Section 2. 

2.1. Traffic 

Ziakopoulos and Yannis [30] consider a number of factors related to 

traffic (speed, traffic volume, vehicle distance travelled) and find that 
the risk of severe bicycle accidents increases (greater exposure to po
tential hazard) the more cars there are on the street, the faster they move 
and the more kilometres they travel. Elvik and Bjørnskau [32] assume 
that road safety increases (in this case fewer cycling accidents per km 
travelled or per cycle ride), the more cyclists there are on the roads. In 
their review of 26 studies, they confirm an occurrence of the so-called 
safety-in-numbers effect, but admit that causes of the effect are not 
completely clear. Fyhri et al. [33] explain this effect (by citing Jacobsen 
[34]) by suggesting that motor vehicle drivers pay greater attention to 
cyclists when there are more cyclists on the road. Bhatia and Wier [35] 
add that in the long run, greater numbers of cyclists can lead to greater 
support (such as construction of cycle lanes) from policymakers and 
planners who gain a greater awareness of and understanding for cyclists 
and their needs. Even though this theory sounds plausible, one could 
argue the opposite: if there are fewer bicycles on the road, there are 
consequently fewer cyclists potentially at risk. Finally, the existence of 
bicycle lanes can also enhance safety [22]. Unfortunately, the data 
required to consider the safety-in-numbers effect is hardly available on a 
detailed level (such as districts) for the whole of Germany. Detailed data 
on cycle lanes and the share of roads equipped with cycle lanes are 
similarly unavailable for Germany. Holz-Rau and Scheiner [31] there
fore use car ownership rate as a proxy for car use and even for distance 
travelled by car. Noland and Quddus [36] show that the higher the car 
ownership rate, the higher the risk of severe bicycle accidents. There
fore, we also choose the motor vehicle density (car ownership rate) as a 
proxy for vehicle traffic. 

Table 1 shows that the reviewed sources (except for one meta-study) 
deal only with the RS. From those sources, we could assume that a 
higher car ownership rate implies higher RS. On the other hand, we 
could assume that high car ownership rates indicate less bicycle use and 
therefore less severe bicycle accidents. Therefore, we assume only that 
the motor vehicle ownership rate influences RS in some way (two 
tailed). Based on the argument that collisions with motor vehicles cause 
more severe injuries to bicycle users due to higher impact forces [40,42] 
than those with bicycles/pedestrians or accidents without other parties 
(single accidents), it could be hypothesised that if the other road user is 
a motor vehicle, the AS is higher than with a different party or with no 
opponent. However, the opponent in our analysis is not a geographical 
variable but is drawn from official accident data. Due to the higher 
speeds of P25s [66] and hence higher impact forces, the effect of motor 
vehicle traffic is assumed to be even stronger for P25s than for CBs. 

2.2. Road environment 

Holz-Rau and Hölderich [37] reveal that risk (RS) varies depending 
on standard deviations of altitudes. Without differentiating between 
P25s and CBs, Konrad et al. [38] show that the severity (AS) of bicycle 
accidents increases significantly on gradients. Jaber et al. [39], Cripton 
et al. [40], Teschke et al. [41] and Kim et al. [42] come to similar 
findings. Panwinkler and Holz-Rau [17] show that P25 (single) acci
dents in Germany often occur on gradients. Of their analysed categories, 
problems with downhill slopes is one of the three most mentioned and 
one of two categories assumed to cause most severe injuries. They 
suggest that P25 accidents on downhill slopes are even more severe than 
those with CBs, because high speed can be kept constant uphill, and 
downhill acceleration is thus faster. Referring to Haustein and Møller 
[43], Panwinkler and Holz-Rau [17] assume that high speeds on 
downhill slopes are underestimated by cyclists. UDV (German Insurers 
Accident Research) also reveals that the proportion of P25 accidents on 
gradients is high, even significantly higher than accidents with CBs. 
However, they do not assess accident severity [25]. 

Holz-Rau and Hölderich [37] categorise regions according to stan
dard deviation of altitudes, dividing them into four groups (low/
moderate/strong/very strong altitude differences) and calculating their 
RS. Accordingly, we assume that the higher the standard deviation of 

Table 1 
Reviewed studies categorised by type of severity indicator: RS - risk of a severe 
cycling accident, AS - probability of severe cycling accident (conditional on an 
accident).  

Factors Source RS AS 
Traffic     

Vehicle traffic     
Ziakopoulos and Yannis [30] Metastudy X X   
Elvik and Bjørnskau [32] Metastudy X –   

Fyhri et al. [33] X –   

Jacobsen [34] X –   

Bhatia and Wier [35] X –   

Holz-Rau and Scheiner [31] X –   

Noland and Quddus [36] X – 

Road Environment    
Gradient     

Holz-Rau and Hölderich [37] X –   

Konrad et al. [38] – X   
Jaber et al. [39] – X   
Cripton et al. [40] – X   
Teschke et al. [41] – X   
Kim et al. [42] – X   
Haustein and Møller [43] – X   
Panwinkler and Holz-Rau [17] – X   
UDV [25] – – 

Demographic    
Elderly     

Weiss et al. [44] – X   
Panwinkler and Holz-Rau [19] – X   
Gaster, [45] – X   
Wang et al. [46] – X   
Schepers et al. [47] – X   
Schepers et al. [26] – X   
Hertach et al. [29] – X   
Weber et al. [27] – X   
Vlakveld et al. [48] – X  

Gender     
Panwinkler and Holz-Rau [17] – X   
Schepers et al. [47] – X   
Fyhri et al. [49] – X   
Hertach et al. [29] – X 

Socio-Economic    
Deprivation     

Lee et al. [50] X –   

Edwards et al. [51] X –   

Vidal Tortosa et al. [52] X –   

Saha et al. [53] X –   

Ding et al. [54] X –   

Chong et al. [55] – X   
Wu et al. [56] X –   

Siddiqui et al. [57] X –  

Tourism     
Martin et al. [58] X    
Kim et al. [59] – –   

Lee et al. [60] X –   

Prati et al. [61] X X   
Panwinkler and Holz-Rau [17] – X   
Johansson and Fyhri [62] X –   

Wang et al. [46] – X 
Land Use    

Compactness     
Scheiner et al. [63] X –   

Faller and Scheiner [64] X –   

Holz-Rau and Scheiner [31] X –   

Panwinkler and Holz-Rau [19] – X   
Kamel and Sayed [65] X X 

*Sources not directly analysing severity are not included. 
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altitudes in a region, the higher the RS. All other sources presented in 
Table 1 deal with the slope at the accident site and with AS. On the basis 
of these studies, we hypothesise that the steeper the slope at the acci
dent site, the higher the AS. Since ASTRA [67] showed that P25s travel 
even faster on slopes, we assume that the influence of the slope is even 
stronger for P25 accidents than for CBs. 

2.3. Demography 

Weiss et al. [44] show that the probability of a severe injury from a 
bicycle accident (AS) increases with the age of a bicycle user. However, 
the authors found no difference between P25s and CBs. Panwinkler and 
Holz-Rau [19] show that injured (especially fatally injured) P25 users in 
Germany are on average older than injured CB users. UDV [68], Gaster 
[45], Wang et al. [46], Schepers et al. [26,47], Hertach et al. [29] and 
Weber et al. [27] come to similar conclusions for their study regions. 
Kovácsová et al. [69] explain the higher risk of severe injuries (AS) for 
elderly P25 riders with age-related changes in psychomotor and sensory 
functions; Vlakveld et al. [48] explain the increased risk with higher 
mental workload. 

It could be assumed that the higher the share of elderly persons in a 
region, the greater the number of elderly (more vulnerable) people who 
take part in road traffic, and hence the higher RS. On the other hand, a 
high number of older people could also mean less motor vehicle traffic, 
for example because pensioners no longer drive to work, which could 
reduce the risk of severe cycle accidents. Therefore, we only assume that 
the share of elderly persons has an influence on RS (two tailed). Based on 
the reviewed literature, we assume that if the injured cyclist is an 
elderly person, the AS is higher. Since Panwinkler and Holz-Rau [19] 

have already shown that accidents with older pedelec users are more 
severe than with older CB users, we assume that the effect is stronger for 
P25s than for CBs. 

Gender has also been shown to play a role in such accidents. The 
majority of road users involved in accidents in Germany are male and 
the proportion of injured (cyclists) is also higher among men [70]. This 
may be linked to higher mileages (exposure) [71] or a riskier riding style 
on average [72]. Nevertheless, Panwinkler and Holz-Rau [17], Schepers 
et al. [47], Fyhri et al. [49] and Hertach et al. [29] found that women, 
especially older female P25 riders, were more likely to be involved in 
severe crashes and sustain more severe injuries from those crashes. 

On the basis of the arguments presented, it could be assumed that RS 
increases along with the proportion of women in the total population of 
a region, as female cyclists suffer more severe injuries, but it could also 
be assumed that RS in regions with a higher share of women is lower, as 
women on average ride less and less riskily. Therefore, we only assume 
that the share of women in the total population has some influence on 
RS (two tailed). Based on the sources discussed above, we assume that if 
the injured cyclist is female, AS is higher than if the cyclist is male. 
Moreover, based on the analysed literature, we can assume that AS is 
especially high when the injured cyclist is an older woman. We as
sume that accident severity for P25 female riders is higher than for fe
males riding CBs. 

2.4. Socio-Economic 

Lee et al. [50] show that the higher the number of households in 
poverty, the higher the amount of severe (fatal) bicycle accidents (RS). 
Edwards et al. [51] and Vidal Tortosa et al. [52] come to similar 

Table 2 
Geographical variables.  

Factor Hypothesis Variable 
Group Category Geographical 

Variable 
If Variable 
is… 

Severity is… Difference P25s 
and CBs 

Unit Year Spatial Unit Source     

RS AS      
Traffic Motor- 

vehicle 
traffic 

Motor vehicle 
density 

high ?  P25 > CB registered motor vehicles / 
1000 inhab. [vehicles/pop] 

2019 District KBA/ 
StBA 

Opponent is a 
motor vehicle 

yes  high P25 > CB Opponent is motor vehicle 
[yes/no] 

2019 Coordinates of 
Accident 

BASt 

Road 
environ- 
ment 

Gradient Standard deviation 
of altitudes 

high high  P25 > CB Standard deviation of 
gradient [m] 

2019 District BKG 

Slope at accident 
site 

high  high P25 > CB Slope at accident site [%] 2019 DLM 10 × 10 m BKG 

Demo- 
graphic 

Elderly Share of elderly 
population 

high ?  P25 > CB Share of inhabitants aged 
65+ / total population [%] 

2019 District StBA 

Injured cyclist aged 
65+

yes  high P25 > CB Injured cyclist aged 65+
[yes/no] 

2019 Coordinates of 
Accident 

BASt 

Female Share of female 
population 

high ?  P25 > CB Share of inhabitants aged 
65+ / total population [%] 

2019 District StBA 

Injured cyclist was 
female 

yes  high P25 > CB Injured cyclist aged 65+
[yes/no] 

2019 Coordinates of 
Accident 

BASt 

Socio- 
Economic 

Depri-vation Social deprivation high high  ? German Index of Social 
Deprivation [-] 

2012 District RKI 

Social deprivation high  high ? German Index of Social 
Deprivation [-] 

2012 District RKI 

Tourism Number of tourists high high  P25 > CB Hotel overnight stays / 
population [nights/pop] 

2019 District StBA 

Number of tourists high  high P25 > CB Hotel overnight stays / 
population [nights/pop] 

2019 District StBA 

Land use Compact- 
ness 

Compactness low ?  P25 > CB Inhabitants / area used for 
settlement purpose [pop/ 
km2] 

2019 District StBA 

Accident on rural 
road 

yes  high P25 > CB Rural road [yes/no] 2019 Coordinates of 
Accident 

BASt 

StBA = Federal Statistical Office. 
RKI = Robert Koch Institute (federal public health institute). 
BKG = Federal Agency for Cartography and Geodesy. 
BASt = Federal Highway Research Institute. 
KBA = Federal Motor Transport Authority. 
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conclusions. The German RKI (Robert Koch Institute for safeguarding of 
public health) identifies three key dimensions of socio-economic 
deprivation: education, employment and income [73]. Lee et al. [50] 
show that the higher the average level of education in a region, the fewer 
severe (fatal) bicycle accidents occurr. Saha et al. [53] come to similar 
findings, explaining this with the assumption that more highly educated 
people may have a higher level of safety awareness. Ding et al. [54] cite 
Mandic et al. [74] and Chong et al. [55] and explain this with more 
knowledge of relevant skills (road safety education as part of school 
education) and a greater willingness to comply with the relevant 
guidelines among children in these regions. Hertach et al. [29] show that 
P25 users with lower levels of education have a higher risk of a (single) 
accident but do not investigate the influence on accident severity. Wu 
et al. [56] show that high unemployment rates correlate with high ac
cident risk and a high risk of severe accidents for bicycles. Ding et al. 
[54] and Siddiqui et al. [57] show that regions with high median income 
demonstrate a low bicycle accident frequency as well as a lower number 
of severe bicycle accidents. Since P25s are normally more expensive 
than CBs [75,5], Gitelman et al. [76] and Ling et al. [77] note that P25 
users might have higher average incomes than CB users. But, to the best 
of our knowledge, the extent to which the income or employment status 
of P25 users involved in accidents is related to their injury severity has 
not yet been investigated. 

Most of reviewed studies address the deprivation of a region (its 
inhabitants) and whether this results in a higher RS. We assume that if 
social deprivation in a region is high, the RS is also high. Two studies 
deal with the degree of deprivation of the injured and derive an AS from 
this. Since data on socio-economic status are not included in the official 
accident statistics, we assume that the higher the social deprivation in 
a region, the more likely it is that the injured cyclist is deprived and 
hence the higher the AS (it should be noted that analysed sources only 
concern post-industrial countries where maintaining a car is possible for 
the majority of society). We cannot yet draw a conclusion from the 
literature as to whether the effect is stronger for P25s or CBs. 

Bicycles in general are often used and/or rented by tourists. Martin 
et al. [58] highlight that rental bicycle users are often inexperienced 
both with cycling in general and with the rented vehicle in particular. 
Also, tourists are usually in unfamiliar surroundings, which leads to 
higher risk (RS). Kim et al. [59] show that at the popular holiday 
destination of Hawaii, cyclists with rented vehicles break traffic rules 
more often, leading to more accidents and injuries. Lee et al. [60] note 
that collisions are more likely in zones with many tourist attractions, 
which Prati et al. [61] explain with the lack of local knowledge of the 
drivers and the high traffic volumes at the sights. Panwinkler and 
Holz-Rau [17] observe that (single) P25 accidents due to user inexpe
rience account for only a small proportion of all P25 accidents, but when 
they occur, a high injury severity (AS) is expected. They also conclude 
that inexperienced users are often tourists who rent a pedelec on holiday 
and have had little or no practice with it. Johansson and Fyhri [62] and 
Wang et al. [46] came to similar conclusions regarding AS. 

More than half of the cited sources examine whether the region is a 
tourist region and draw conclusions regarding RS. We conclude that if 
the number of tourists is high, RS is also high (keeping in mind that RS 
calculates accidents for the present population which includes any 
tourists present). Other studies attempt to discover whether the users are 
tourists and to draw conclusions regarding AS. Since the official accident 
statistics do not state whether the cyclist was a tourist, we use a proxy 
and assume that the higher the number of tourists in a region, the more 
likely it is that the cyclist involved in the accident was a tourist and the 
higher the AS. We assume that the touristic effect is even stronger for 
P25s than for CBs. 

2.5. Land use 

Scheiner et al. [63] explain that a compact built-up structure (i.e. the 
share of land used for settlement and transport) could indicate urbanity. 

In such areas a large proportion of traffic occurs in city streets, where 
speeds are lower and there are thus fewer severe accidents (RS). Also, 
compact land use can help to reduce commuting distances. Faller and 
Scheiner [64] show that higher commuter volumes and dispersed set
tlement structures pose a higher risk of accidents (for inhabitants, which 
in the context of bicycles can be assumed to be the cyclists involved in 
the accident). Holz-Rau and Scheiner [31] observe the highest risk of 
severe (RS) bicycle accidents (expressed in accident costs) to be 
concentrated particularly in (less compact) suburban areas. Panwinkler 
and Holz-Rau [19] highlight that the severity (AS) of P25 and CB acci
dents is greater on rural than on urban roads. Kamel and Sayed [65] 
show that city streets are more likely to include bicycle infrastructure, 
which may reduce the risk of severe bicycle accidents (AS). Blaizot et al. 
[78] argue that bicycles travel faster in sparsely populated areas, Blass 
et al. [66] show that P25s have faster average speeds than CBs, and 
Panwinkler and Holz-Rau [19] show that P25 accidents are even more 
severe (AS) than CB accidents on rural roads. Based on these conclu
sions, we define compactness as the number of inhabitants per area used 
for settlement purposes for each district and make the following 
assumptions. 

It can be argued that high compactness results in fewer or shorter 
motor vehicle trips (lower exposure) and therefore lower RS. On the 
other hand, higher compactness could lead to higher cycling frequency, 
higher exposure and hence to higher RS. Accordingly, we assume only 
that compactness, expressed as population per built up area, has an 
influence on RS (two tailed). One source indirectly deals with 
compactness, assuming that accident severity is lower on urban roads, 
which, by definition, run through continuously built-up (and hence 
more compact) areas. Therefore, we assume that the AS of accidents on 
rural roads is higher than on urban roads. This is an indicator using 
official statistics, but it has a spatial reference. Finally, we assume that 
the effect of compactness is stronger for P25s than for CBs. 

3. Methodology and data 

3.1. Study area 

Fig. 1 shows a map of the study area, the Federal Republic of Ger
many, divided in 401 districts (“Kreise”, the administrative level be
tween a municipality and a federal state). The map also displays the 
topography of Germany as a digital elevation model. The southern part 
of Germany, especially along the southern borders, has higher altitudes, 
whereas the northern part, especially towards the coastal regions, is very 
flat. 

3.2. Dataset 

We used a dataset that is composed of two parts: accident data and 
geographical data. Based on the literature analysis, we used the vari
ables presented in Table 2 to test our hypotheses (Table 2 shows the 
variables, their units, reference years, spatial units and sources). 

3.2.1. Accident data 
The empirical study is based on the individual data of the official 

road traffic accident statistics, which are collected by statistical offices 
of the 16 federal states on the basis of police accident records and made 
available to the Federal Highway Research Institute (BASt) for the 
purposes of accident research. For this study, we selected all accidents 
with personal injuries (hereafter referred to as "accidents") that occurred 
in Germany in the year 2019 and in which at least one P25 or one CB was 
involved. 

The police recently started to record the geographical coordinates of 
accidents, however, the federal states unfortunately deploy different 
reference systems. The individual accident data were therefore first 
compiled in a uniform reference system (EPSG: 31467) and then im
ported as XY coordinates with a unique ID into a Geographic 
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Information System (QGIS) so that each accident can be visualised as a 
point. In 2019, a total of 87,253 accidents involving a bicycle occurred 
in Germany. Of these, 86,066 could be included in the GIS (for 1187 
accidents, the coordinates were implausible or not available), with 
75,614 involving at least one CB, 10,643 involving at least one P25 and 
191 involving at least one P25 and at least one CB. The 86,066 accidents 
of the year 2019 imported into the GIS form the database for the 
following RS analysis. Using the accident ID, information from the ac
cident database could be assigned to each map point. 

In addition to the location of the accident and information on the 
involvement of a P25 or a CB, information on whether a P25 or CB user 
was severely injured was also coded for each accident. This variable was 
coded 1 (yes) if a P25 or CB user was seriously (hospitalised for at least 
24 h) or fatally (died within 30 days after an accident due to its conse
quences) injured, otherwise 0 (no). Finally, the age and the gender of the 
injured cyclist, location of the accident and the other party’s vehicle 
type were linked to every accident and used as proxies for geographical 
variables. 

3.2.2. Geographical data 
Motor vehicle density was calculated as the ratio of registered motor 

vehicles per 1000 inhabitants per district (variable MOTODENS). In
formation on the other road user involved was drawn from the accident 
data (variable OPPONENT). 

Data on the gradient at the accident location were calculated using 

the digital elevation model, available as raster data with a cell size of 10 
× 10 metres (without information about the direction of travel) (vari
able SLOPE). The standard deviation of altitudes was calculated with 
every grid cell within a district (variable SDHEIGHT). 

Turning next to demographic variables, the share of elderly persons 
was calculated as the share of inhabitants aged 65 or older of all in
habitants (variable SELDERLY), while the share of the female population 
was calculated as the share of female inhabitants of all inhabitants 
(variable SFEMALE). Information about the age and gender of injured 
cyclists (65 years and older or not (variable IELDERLY) and whether 
they were female or not (variable IFEMALE)) was drawn from the ac
cident data. 

To assess deprivation, we used the RKI’s German Index of Social 
Deprivation (GISD), which estimates socio-economic inequalities at the 
regional level and includes three key dimensions of socio-economic 
status (education, occupation and income) [73]. The number of tour
ists was calculated as the total number of overnight stays in tourist ac
commodations in the district in the year 2019 per inhabitants (variable 
TOURISM). 

Compactness was calculated at the district level as the ratio of pop
ulation per area used for settlement purposes. According to the BBSR’s 
(Federal Institute for Research on Building, Urban Affairs and Spatial 
Development) definition, this includes the land use types: residential, 
industrial and commercial, public facilities, recreational areas, ceme
teries and transport areas (sub-types: road and street, rail, air and 

Fig. 1. Topographic map of Germany.  
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shipping traffic) [79] (variable COMPACT). Information on whether the 
road ran through a sparsely populated area (rural road) or a densely 
populated area (urban road) came from the accident data (variable 
RURROAD). 

3.3. Data analysis / regression models 

The aim of this study is to investigate the relationship between ac
cident severity (RS and AS) and several independent (explanatory) 
geographical variables. Since these phenomena have a spatial context, a 
spatial analysis is first carried out in which P25 and CB accidents and 
their severity are displayed on maps and interpreted visually. After
wards, the AS and RS values for P25s and CBs are analysed using 
descriptive statistics. In order to obtain a spatial assessment of the dis
tribution, not only is the output for the whole of Germany examined, but 
also for the districts divided into four types of district with different 
settlement structures (urban to rural), as defined by the BBSR [80]. 

Finally, the influence of geographical variables on accident severity 
is analysed. The classical method for this is to use statistical regression 
[81], which requires a dependent variable that is scaled metrically. We 
calculate RS as the number of severe accidents (an accident with at least 
one P25 / CB user who suffered severe (serious or fatal) injuries) per 1 
million present population (the population as of 31.12.2019 and in 
addition the number of tourist overnight stays divided through 365 (to 
get an annual average)) per district. This is thus a metrically scaled 
variable and we use multiple linear regression to determine the 

influence of geographical variance on RS. 
For AS analysis, the data on injury severity are available on a binary 

(nominal) level, whereas the independent variables are either on a bi
nary or on a metric scale. Therefore, binary logistic regressions were 
modelled to determine the probability with which an observation case 
can be assigned to the group of severe (1) or non-severe (0) accidents 
[82]. 

4. Results 

4.1. Spatial overview and regional differences of severity 

In order to obtain a first overview of the frequency and distribution 
of accidents, P25 and CB accidents were aggregated at the district level. 
The sum of severe accidents per district was set in relation to the cor
responding present population to display the RS. The sum of severe 
accidents in the district was set in relation to the corresponding number 
of all accidents with personal injury involving a P25 to display AS for 
P25s, or alternatively involving a CB to display AS for CBs. The 401 
districts are divided into seven quantiles, from dark green (quantile with 
the lowest values) to dark red (quantile with the highest values). 

The left map in Fig. 2 shows the RS for P25s, and the right map shows 
the RS for CBs. 75,614 CB accidents took place in 2019 (see Section 
3.2.1), seven times more than the 10,643 P25 accidents. 2707 accidents 
involved severely injured P25 users and 12,869 severely injured CB 
users (see Table 3 for statistics). Since the number of severely injured CB 

Fig. 2. Severe accident risk (RS) for P25s and CBs in Germany, 2019.  

T. Panwinkler et al.                                                                                                                                                                                                                            

- 54 -



Transportation Engineering 16 (2024) 100232

8

users is five times higher than the number of severely injured P25 users, 
the average RS for CBs is also five times higher. Apart from these dif
ferences in dimensions, further interesting patterns of spatial distribu
tion emerge. 

For P25s, the highest RS can be found in the southern and south
ernmost (mountainous) regions, as well as in the northwest (including 
most of the North Sea coast areas) – both mountainous and coastal areas 

are holiday destinations where pedelecs are attractive. The lowest RS 
can be found in central and eastern regions of the country as well as in 
the small-area districts (mostly urban areas). High RS for CBs can be 
found in the southernmost, mountainous areas and to a lesser extent in 
the southwest (such as the holiday destinations around Lake Constance). 
Higher RS can also be found in eastern regions and small-area (urban) 
districts, which could indicate differences between the former East and 

Table 3 
Regional differentiation of bicycle accidents.  

Regional differentiation Study area Accident with at least one P25 user involved Accident with at least one CB user involved   
Present Pop 
2019 

Accidents (with 
any injured) 

Accidents with at least one P25 user 
severely injured 

Accidents (with 
any injured) 

Accidents with at least one CB user 
severely injured    

count share 
acc. 

count share 
injury 

acc. severity count share 
acc. 

count share 
injury 

acc. severity 

code district type      RS AS     RS AS 
1 Independent metropolis* 24,898,885 2515 23% 465 17% 18.7 184.9 32,296 42% 4025 31% 161.7 124.6 
2 Urban district 32,550,176 4871 45% 1230 45% 37.8 252.5 24,361 31% 4430 34% 136.1 181.8 
3 Rural district with 

densification tendencies 
14,495,351 1952 18% 555 21% 38.3 284.3 11,201 14% 2272 18% 156.7 202.8 

4 Sparsely populated rural 
district 

12,554,179 1468 14% 457 17% 36.4 311.3 9622 12% 2142 17% 170.6 222.6 

Total  84,498,591 10,806 100% 2707 100% 32.0 250.5 77,480 100% 12,869 100% 152.3 166.1 
AS = severely injured per 1000 accidents. RS = Accidents with severely injured per 1 M resident population. 
Share acc. = share of accidents with any injury of the respective district type on total number of accidents with any injury. 
Share injury = share of accidents with severe injury of the respective district type on total number of accidents with severe injury. 

* district type 1: "kreisfreie Städte" meaning administratively independent cities not belonging to a district ("Kreis"). 

Fig. 3. Accident Severity (AS) of P25 and CB Accidents in Germany, 2019.  
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West German regions. 
Fig. 3 shows the AS, i.e. the number of accidents where P25 users 

were severely injured (killed or seriously injured) in relation to the 
number of all accidents involving a P25 on the left map, and corre
spondingly for CBs on the right map. The average AS of P25 accidents 

(249) is much higher than the average AS of CB accidents (166) (see 
Table 3 for statistics). Both maps show a concentration of the highest AS 
rates in the centre of Germany (a band from Saarland to Saxony) and 
(slightly less) in the south of the country, with high rates also in the 
southern border (mountainous) regions but not in the coastal regions. 

Fig. 4. Maps of geographical variables and regional categorisation.  

T. Panwinkler et al.                                                                                                                                                                                                                            

- 56 -



Transportation Engineering 16 (2024) 100232

10

The northwest, in which the RS is high (especially for P25) has very low 
AS for both types of vehicles. Small-area districts, often urban, have very 
low AS, whereas large-area regions (surrounding areas or rural areas) 
have higher AS. In addition, high AS rates for CBs were revealed in the 
eastern regions, whereas high AS rates for P25s could be found in a band 
of regions stretching from Cologne southwards along the Rhine – a 
typical tourist cycling route. 

In order to verify the visual impression, the districts (and the acci
dents that occurred in them) were assigned to the four settlement- 
structure district types of the BBSR [80], with 1 being most urban and 
4 being most rural. They were analysed using descriptive analysis (see 
Table 3). 

Table 3 gives an overview of all accidents, severe accidents and their 
distribution over district types for P25s and CBs. The RS (number of 
severely injured bicyclists per 1000,000 present population) for P25s is 
clearly lowest in the most urban Type 1 districts, with all other district 
types having twice as high RS. The RS of CBs is highest in the most rural 
Type 4 regions, but it is lower in the intermediate Types 2 and 3 than in 
the most urban Type 1 districts. An important finding here is that Types 
1 and 2 are the most populated and have the highest absolute number of 
bicycle accidents (P25 as well as CB), but the risk of severe bicycle ac
cidents is highest in rural regions (for P25s in Type 3 and CBs in Type 4). 
The AS is the number of severe accidents per 1000 accidents of the 
respective bicycle type. The values for P25s and CBs are directly com
parable. The AS for P25s is 250.5, clearly higher than the AS for CBs 
(166.1). Hence, P25 accidents are more often severe than CB accidents. 
Differentiated by district type, the AS for both vehicles is lowest in 
metropolitan areas (Type 1) and highest in sparsely populated rural 
districts (Type 4). The more rural the district, the higher the probability 
that a bicycle accident is severe (with the ratio of P25-AS to CB-AS of 
about 1.5 for all district types). 

4.2. Influence of geographical variables 

After showing in the previous section that severity differs regionally, 
this section examines whether the geographical variables found in the 
literature analysis (Section 2) influence the severity of accidents (RS and 
AS). For this purpose, the defined geographical variables are analysed 
descriptively, the model is adjusted on this basis and then the hypoth
eses defined in Section 2 are tested using regression analyses. 

4.2.1. Distribution of geographical variables 
Fig. 4 visualises the spatial distribution of the geographical variables. 

Each map represents one geographical variable. The 401 districts are 
divided into seven quantiles, from dark green (quantile with the lowest 
values) to dark red (quantile with the highest values). 

Regions in the south of the country have the highest motor vehicle 
density (MOTODENS), especially Bavaria, whereas northern regions 
have much lower values. Urban districts have the lowest density, with 
the exception of those with the headquarters of car manufacturers, such 
as Wolfsburg. 

Districts along the southern border (Alpine regions), in the southwest 
border region (Black Forest) and along a band from central west (Eifel) 
to east (Erzgebirge) have the highest standard deviation of altitudes 
(SDHEIGHT). Districts in the north, especially on the North Sea coast 
and most urban districts have the lowest SD. 

Turning next to demographics, it can be seen that districts in the east 
of the country (except for Berlin and its neighbouring districts) have the 
highest shares of elderly population (SELDERLY), while districts in the 
south and northwest have the lowest. This may indicate differences 
between East and West German regions. The highest shares of female 
population (SFEMALE) are found in the urban centres, followed by some 
of the surrounding districts. However, these differences are so small 
across the entire country that no reliable statements can be made. 

Districts in the east of the country, especially along the coast and in 
Saxony-Anhalt have the highest indices of social deprivation (GISD), as 

do some other coastal regions and some urban districts in the Ruhr area. 
Districts in the south, especially around the economic centres of Munich 
and Stuttgart, have lowest deprivation indices. 

Districts with the highest rates of tourist overnight stays (TOURISM) 
are found along the northern (coast) and southern borders (mountains) 
and in well-known metropolises such as Munich, but also in the (busi
ness) tourism hotspots like Frankfurt/Main. 

Compactness (COMPACT) was assessed using population density in 
the areas used for settlement purposes. As expected, it is highest in the 
urban districts over the entire country, in the western part (to a lesser 
extent), and in the regions adjacent to the urban centres. In the east and 
southeast of the country, urban centres with high densities are neigh
boured by rural, low-density districts. 

Table 4 shows the results of the descriptive analysis with the mini
mum, maximum and mean values; standard deviations and, in order to 
make the standard deviations of the individual variables comparable, 
the relative standard deviations (RSD, calculated as SD relative to the 
mean value) of the presented geographical variables for Germany (401 
districts) and mean values for the four district types. Most variables have 
the lowest means in the urban, mostly Type 1 districts, and the highest 
values in the rural, mostly Type 4 districts. SFEMALE and COMPACT 
have an inverse distribution with lowest values in Type 4 districts. 
SDHEIGHT has highest means in Type 2 districts, while tourism and 
deprivation have lowest means in Type 2 districts. The SFEMALE dif
ferences between the four types of region are very small. The RSD is 
correspondingly high, whereas it is relatively low for other variables. 

Table 5 shows the correlation matrix of geographical variables. The 
directions of the coefficients consistently correspond to our expecta
tions. For example, the MOTODENS is high in the districts where the 
SDHEIGHT is high and low in the districts where GISD is high. The 
highest correlation is found between SELDERLY and GISD (0.54), the 
lowest between COMPACT and (low) MOTODENS (−0.69). For further 
interpretations see Section 5.2. 

4.2.2. Model adjustments based on the findings from the descriptive 
analysis 

Some of the maps (Fig. 4) show different spatial distributions in the 
new (former East Germany/GDR) and the old federal states (former West 
Germany/FRG). Therefore, a variable "new federal state" (NEWFEDLND, 
yes/no, with Berlin as an old federal state) is also included in the 
regression analyses. 

Table 4 and Fig. 4 show that the proportion of women in the popu
lation of the individual districts differs only very slightly (between 48.7 
% and 52.5 %, SD 0.6 / RSD 79.9). We consider this difference to be too 
small to draw conclusions from and have therefore excluded the variable 
"share of female population" from the RS model. 

4.2.3. Impact of geographical variables 
To evaluate the impact of the geographical variables, multiple linear 

regression was performed for the RS model and binary logistic re
gressions for the AS model, both for P25 and CB accidents. Results for 
the RS model are displayed in Table 6, including regression coefficients, 
standardised coefficients (Beta) and significance levels for each 
geographical variable. Coefficients indicate the influence of the 
respective geographical variable on the dependent variable RS (severe 
accidents per 1000,000 present population) where a higher coefficient 
represents a higher probability for a high RS. The results for the AS 
model are displayed in Table 7. The regression coefficients (Beta) 
represent the probability of an accident being severe (a positive Beta 
value indicates a higher probability that the dependent variable will 
take the value 1 = severe injury; a negative Beta value indicates a higher 
probability that the value of the dependent variable will be 0 = no severe 
injury), while the significance level and the odds ratio show the level of 
influence of the variables on the probability of an accident being severe 
or not [82]. 

The RS model includes 401 cases (which are the districts) for both 
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P25s and CBs. The AS model includes 10,883 cases for P25s and 80,655 
cases for CBs. Within the regression, one case includes one P25/CB 
involved in an accident. As one accident could involve more than one 
P25/CB, the number is higher than the actual number of accidents (for 
example, an accident with two P25s would be included as two cases). 
Both models turn out to be significant (< 0.05), with P25 models having 
higher r2 than CB accidents. 

Within the RS model for P25s, the hypotheses for variables 

SDHEIGHT and TOURISM (one tailed, with directions of the coefficients 
as expected) and SELDERLY and COMPACT can be accepted, since their 
significance level is reached, meaning the higher the standard deviation 
of altitudes or the more tourist overnight stays in a region, the higher the 
RS for P25s. On the other hand, the lower the share of elderly population 
and the less compact a region, the higher the RS for P25s. MOTODENS 
does not produce a significant result, GISD does not produce the ex
pected positive coefficients. Therefore, the RS hypotheses we have 

Table 4 
Descriptive statistics of geographical variables.  

(n = 401 districts) Average of all German districts Settlement-structure district types          
Type 1 Type 2 Type 3 Type 4 

Group Category Unit Severity Min Max Mean SD RSD Mean Mean Mean Mean 
Traffic              

Motor vehicle density [vehicles/pop.] RS 390.8 1195.8 732.9 112.2 6.5 572.4 749.5 762.0 788.1 
Road environment             

Stand. Dev. Altitudes [m] RS 1.1 487.5 64.9 61.1 1.1 35.3 76.6 62.1 72.0 
Demographic             

Elderly Population [%] RS 15.6 32.7 22.6 3.0 7.6 20.2 22.1 23.2 24.1  
Female Population [%] RS 48.7 52.5 50.6 0.6 79.9 50.9 50.7 50.4 50.4 

Socio-Economic             
Deprivation Index RS&AS 0.0 100.0 44.5 17.0 2.6 42.7 36.7 47.0 53.3  
Tourism overnight stays [nights/pres. pop.] RS&AS 0.0 60.8 6.0 7.3 0.8 4.4 4.1 6.3 9.4 

Land use             
Compactness [pop./settlement km2] RS 852.8 10,788.9 3274.6 1746.3 1.9 6091.6 3438.9 2422.9 2046.3  

Table 5 
Correlation matrix of geographical variables on district level.  

(n = 401 districts) MOTODENS SDHEIGHT SELDERLY SFEMALE GISD TOURSIM COMPACT NEWFEDLND 
MOTODENS 1.00 0.28 0.10 ¡0.43 ¡0.19 0.14 ¡0.69 ¡0.23 
SDHEIGHT 0.28 1.00 0.09 −0.03 ¡0.22 0.30 −0.07 −0.08 
SELDERLY 0.10 0.09 1.00 0.25 0.54 0.15 ¡0.43 0.63 
SFEMALE ¡0.43 −0.03 0.25 1.00 0.05 0.07 0.34 0.07 
GISD ¡0.19 ¡0.22 0.54 0.05 1.00 0.06 ¡0.29 0.46 
TOURISM 0.14 0.30 0.15 0.07 0.06 1.00 ¡0.17 0.02 
COMPACT ¡0.69 −0.07 ¡0.43 0.34 ¡0.29 ¡0.17 1.00 ¡0.14 
NEWFEDLND ¡0.23 −0.08 0.63 0.07 0.46 0.02 ¡0.14 1.00 

Bold coefficients indicate significance on 95% level (two-tailed). 

Table 6 
RS regression model.  

Multiple linear regression analysis Accident with at least one P25 user involved Accident with at least one CB user involved   
Model 1a Model 1b Model 2a Model 2b   
Dependent variable: severe 
injury of p25 user: 

Dependent variable: severe 
injury of p25 user: 

Dependent variable: severe 
injury of cb user: 

Dependent variable: severe 
injury of cb user: 

Group Category Var. level Coef Beta sig. Coef Beta sig. Coef Beta sig. Coef Beta sig. 
Traffic              

Motor vehicle density metric −0.002 −0.070 0.34 −0.005 −0.177 0.02 −0.027 −0.413 0.00 −0.022 −0.333 0.00 
Road environment               

SD of altitudes metric 0.008 0.162 0.00 0.008 0.157 0.00 −0.001 −0.005 0.92 −0.0002 −0.002 0.97 
Demographic               

Share of elderly 
population 

metric −0.302 −0.306 0.00 −0.132 −0.134 0.04 0.106 0.042 0.49 −0.220 −0.088 0.22 

Socio-Economic               
Index of social 
deprivation 

metric −0.027 −0.154 0.01 −0.026 −0.150 0.01 −0.149 −0.341 0.00 −0.150 −0.344 0.00  

Tourism overnight stays metric 0.128 0.321 0.00 0.123 0.308 0.00 0.242 0.239 0.00 0.252 0.249 0.00 
Land use               

Compactness metric −0.001 −0.291 0.00 −0.001 −0.338 0.00 −0.001 −0.284 0.00 −0.001 −0.248 0.00 
Model extension               

New federal state 0/1 
dummy 

– – – −2.114 −0.284 0.00 – – – 4.067 0.216 0.00 

Constant               
Constant  13.196 0.000 0.00 12.071 0.000 0.00 42.170 0.000 0.00 44.333 0.000 0.00 

Model   cases 
(n) 

r2 sig. cases 
(n) 

r2 sig. cases 
(n) 

r2 sig. cases (n) r2 sig.    

401 0.27 0.00 401 0.31 0.00 401 0.12 0.00 401 0.14 0.00  
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proposed regarding these two last variables and P25s must be rejected. 
The coefficients of both variables are negative. This probably means that 
a higher motor vehicle density or higher social deprivation could lead to 
a lower RS for P25s. 

For CBs, the RS hypotheses for variables TOURISM (one tailed, with 
direction of the coefficients as expected), MOTODENS and COMPACT 
can be accepted, since their significance level is reached. This means the 
higher the number of tourist overnight stays, the higher the RS for CBs, 
but also the higher the motor vehicle density or compactness, the lower 
the RS for CBs. SELDERLY and SDHEIGHT do not produce significant 
results, SDHEIGHT and GISD are not directed as expected. Therefore, the 
corresponding RS hypotheses for CBs must be rejected. The coefficients 
of SDHEIGHT and GISD are negative. This probably means that a higher 
SD of altitudes or higher degree of social deprivation could lead to a 
lower RS for CBs. The SELDERLY coefficient is positive, which means 
that a higher proportion of elderly people could mean a higher RS for 
CBs. 

For the coefficients of variables SDHEIGHT, SELDERLY, TOURISM 
and COMPACTNESS (negative), numerical values for P25s are larger 
than for CBs, meaning that the influence on P25s tends to be larger 
(regardless of significance and direction). 

Within the AS model, the hypotheses for variables OPPONENT, 
GRADIENT, IELDERLY, GISD (only CB) and RURROAD can be accepted, 
since the directions of the coefficients are as expected and their signif
icance level is reached, except for the significance levels of GISD for 
P25s. (The GIDS for CBs is displayed as significant, though its odds ratio 
is almost 1, which means it would not be significant by definition. This 
has to do with the large sample of the CB model with over 80,000: since 
the number of cases is also included in the significance, the odds ratio of 
1.004 could also deliver a significant result with this number of cases. 
Therefore, the reliability of the significance value should be viewed with 
caution for all variables of the CB model.) The coefficients for IFEMALE 
are neither as expected nor significant for P25s, and are as expected but 
not significant for CBs. The coefficients for TOURISM are not directed as 

expected. 
RURROAD has the highest odds ratio, with the odds of OPPONENT 

and IELDERLY also being high and GRADIENT and GISD being only 
slightly positive. For the variable OPPONENT the odds ratio for P25s has 
a greater numeric value than for CBs, meaning the influence on P25s 
tends to be larger. 

4.2.3.1. Model extension. In the second step, both models were 
extended by the additional variable NEWFEDLND (new federal state =
“Bundesland”), the AS model was also extended by the additional vari
able ELDFEMU (user is a woman and 65 years or older). They can be 
found as Model 1b (for P25s) and 2b (for CBs) in Tables 6 and 7. 

Adding the variable NEWFEDLND to the RS model increases the r2 in 
each case. In the extended RS model for P25s, MOTODENS shows sig
nificant results and, together with COMPACTNESS, reaches a slightly 
higher (negative) value of Beta. The Beta of the variable SELDERLY is 
clearly weakened. In the extended RS model for CBs, the variable 
MOTODENS achieves a slightly lower (negative) value of the Beta, but 
there is a clear difference in the variable SELDERLY, which originally 
had a positive Beta and now has a negative Beta in the model extended 
with the variable "new federal state". The proportion of older people 
thus has a different influence on RS when NEWFEDLND is included. 

The extension of the AS models with the variable NEWFEDLND 
brought negligible changes for the r2 as well as for the coefficients. 
Therefore, we removed NEWFEDLND from AS models. Hence, whether 
the accident or the district in which the accident occurred is in a new 
federal state has an influence on the variables in RS but not in AS. 

The addition of the variable ELDFEMU to the AS models brought, as 
expected, changes in the ELDUSER and FEMUSER variables. ELDUSER 
still showed significant results and positive coefficients for both P25s 
and CBs. FEMUSER became significant with negative coefficients for 
both types of bicycles (originally positive for CBs). Coefficients for the 
new variable ELDFEMU are positive in each case, the odds ratio is higher 
for CBs than for P25s, and the variable is significant in the CB model. 

Table 7 
AS regression model.  

Binary logistic regression analysis Accident with at least one P25 user involved Accident with at least one CB user involved    
Model 1a Model 1b Model 2a Model 2b    
Dependent variable: 
severe injury of p25 user: 

Dependent variable: 
severe injury of p25 user: 

Dependent variable: 
severe injury of cb user: 

Dependent variable: 
severe injury of cb user: 

Group Category  Beta odds sig. Beta odds sig. Beta odds sig. Beta odds sig. 
Traffic                

Opponent was motor vehicle ref. Categ.: 
0=no 

0.340 1.405 0.00 0.340 1.405 0.00 0.239 1.270 0.00 0.239 1.270 0.00 

Road environment               
Gradient at accident site metric 0.029 1.029 0.00 0.029 1.030 0.00 0.029 1.029 0.00 0.029 1.029 0.00 

Demographic               
Injured cyclist aged 65+ ref. Categ.: 

0=no 
0.532 1.702 0.00 0.493 1.637 0.00 0.658 1.930 0.00 0.531 1.700 0.00  

Injured cyclist female ref. Categ.: 
0=no 

−0.062 0.940 0.19 −0.104 0.901 0.09 0.004 1.004 0.85 −0.074 0.929 0.00 

Socio-Economic               
Index of Social Deprivation metric 0.001 1.001 0.43 0.001 1.001 0.43 0.004 1.004 0.00 0.004 1.004 0.00  
Tourism overnight stays metric −0.001 0.999 0.55 −0.001 0.999 0.55 −0.002 0.998 0.17 −0.002 0.998 0.19 

Land use               
Accident on rural road ref. Categ.: 

0=no 
0.560 1.750 0.00 0.561 1.752 0.00 0.768 2.156 0.00 0.772 2.164 0.00 

Model extension               
Injured cyclist female and aged 
65+

ref. Categ.: 
0=no 

– – – 0.101 1.107 0.28 – – – 0.330 1.391 0.00 

Constant               
Constant  −1.776 0.169 0.00 −1.760 0.172 0.00 −2.272 0.103 0.00 −2.246 0.106 0.00 

Model cases: n = 10,883   10,883   80,655   80,655   
yes/severe (1) = 2659   2659   12,606   12,606   
no/not severe (0) = 8224   8224   68,049   68,049   
Summary              
Pseudo R2: Nagelkerke  0.06   0.06   0.05   0.05   
Sig.  0.00   0.00   0.00   0.00    
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5. Discussion 

5.1. Summary 

Our analyses show that for German regions (and their population) 
the risk of severe accidents (the Risk of Severe bicycle accidents RS, 
which is a ratio of the number of severe accidents to the present popu
lation of a district, involving severely injured users of bicycles with 
electric motor support (Pedelecs 25, P25)) is lower than the risk of se
vere accidents involving severely injured users of conventional bicycles 
(CB). However, the probability of a severe injury in case of an accident 
(the “Accident Severity” AS, a ratio of the number of severe bicycle 
accidents to the total number of bicycle accidents) is higher for P25s 
than for CBs. The spatial analysis (Section 4.1) shows that for both types 
of vehicles, the severity (RS and AS) increases with the rurality of the 
region. There are indications that accident severity (RS and AS) is higher 
in mountainous and tourist regions. As shown in the regression analyses 
in Section 4.2, geographical variables have an influence on both severity 
indicators (RS and AS) but they could influence them in different di
rections and with different intensity. This is also true regarding differ
ences in the influence of geographical variables on the severity of 
accidents involving different vehicle types (P25s and CBs). 

5.2. Interpretation 

In the following, we derive conclusions from the accepted hypothe
ses and explain some reasons for hypotheses being rejected. We first 
address the variables of the RS models and then the variables of the AS 
models (for P25s and CBs respectively): 

In the extended RS models, the variable “motor vehicle density” 

(MOTODENS) produced significant results with negative coefficients for 
both vehicle types (P25s and CBs), suggesting that the RS decreases with 
higher motor vehicle density. This is contrary to many sources presented 
in the literature review, which assume that higher motor vehicle density 
leads to an increase in RS. However, there are also sources that assume 
that RS decreases, which is why we formulated the two-tailed hypoth
esis. An explanation for a lower RS at higher motor vehicle density could 
be that there may be fewer bicycles on the road, which reduces the 
exposure. 

The influence of standard deviation of heights (SDHEIGHT) on RS for 
P25s is as expected (positive coefficient): the higher the standard de
viations of heights in a region, the higher the risk of severe P25 acci
dents. As results are significant, the hypothesis for P25s can be accepted. 
But the RS for CBs shows a negative coefficient. This is the only variable 
within the extended RS models that produces coefficients with different 
directions for P25s and CBs. One explanation for this could be that CBs 
are used less in the mountainous regions. Therefore, fewer CB accidents 
take place there, and consequently the RS for CBs is lower. 

The variable “elderly population” (SELDERLY) is significant only for 
P25s, so only the hypothesis for this vehicle type can be accepted. 
Extended RS models show negative coefficients of the variable. This 
means that the higher the proportion of older people, the lower the RS. 
Based on our hypotheses, we assume that a high proportion of older 
people could mean less road traffic (especially commuter traffic) and 
thus a lower exposure. Other possible explanations include the idea that 
a high proportion of elderly population could mean a low proportion of 
younger population and young (especially novice) drivers cause more 
serious accidents than average. It may also be the case that in the areas 
with a high share of elderly people, other road users pay more attention 
to them. 

The influence of the variable “share of female population” (SFE
MALE) could not be analysed for RS, as differences between regions 
were too small. 

The coefficients of the variable “social deprivation” (GISD) of the RS 
models are negative and not significant for both vehicle types, and 
therefore hypotheses must be rejected. Nevertheless, it is possible to 

identify a tendency that the risk of severe bicycle accidents decreases as 
the deprivation of a region increases. One reason for this could be that 
deprived people may travel less by car (Table 5 shows a negative cor
relation with motor vehicle density) or by bicycle, which leads to lesser 
exposure. The impact on CBs is even higher than on P25s. Perhaps this 
can be explained by the fact that P25s are more expensive than CBs and 
are therefore less frequently used in deprived areas, leading to lower 
exposure. The RS models provide significant results with positive co
efficients for the tourism variable (TOURISM) for both vehicle types. 
The hypothesis can therefore be accepted that the more tourists there are 
in a region, the higher the risk of severe bicycle accidents. 

The RS models show that the more compact (COMPACT) a district is 
or the higher the proportion of population living in urban areas, the 
lower the risk of severe bicycle accidents (for P25s even lower than for 
CBs). The coefficients reach the significance level, so the hypothesis can 
therefore be accepted. 

In the extended AS models, the coefficients for the variable OPPO
NENT (accident opponent was a motor vehicle) in the AS models are 
positive and significant for both vehicle types. Hence the hypothesis can 
be accepted that bicycle accidents involving motor vehicles as the other 
party release a higher impact energy and therefore result in more severe 
injuries and a higher AS. 

As hypothesised, a higher gradient (GRADIENT) results in a higher 
AS. In both AS models (P25s and CBs), the coefficients are significantly 
positive, meaning that the higher the gradient at the accident location, 
the higher the probability that an accident is severe. 

AS models also show significant results with positive coefficients for 
the variable “elderly bicycle user” (IELDERLY): if the cyclist involved in 
the accident is 65 years or older, the risk of severe injuries is higher. 
Hence the hypothesis can be accepted. The only difference is that the 
effect is stronger for CBs than for P25s, which was not expected. Elderly 
P25 riders are probably more aware of dangers (for instance due to 
driving safety training) than elderly CB riders so that they can better 
avoid severe accidents. P25s may also be equipped with better compo
nents, for example, with better brakes that can better reduce the impact 
forces. 

The original AS models did not produce significant results for the 
variable IFEMALE (cyclist involved was female). The addition of the 
variable ELDFEMU (cyclist involved was elderly and female) then 
showed that women have a lower risk of a severe injury in an accident 
(negative coefficients) than men, but older women have a higher risk of 
a severe injury in an accident than older men. This may be because older 
women are, first, probably more fragile than older men; second, they 
live longer and therefore may use bicycles at an older age (and in an 
even more fragile condition) that men; and, third, fewer older women 
have a driving licence than men and may use bicycles more often. 
Conversely, this also means that young men have a higher risk (AS) of a 
severe bicycle accident than young women, which could be explained by 
a generally greater willingness to take risks [49]. 

In the AS models, the coefficients for deprivation (GDIS) are positive. 
This means that the more deprived the cyclist (described by the proxy 
deprived neighbourhood in which the bicycle accident occurs), the 
higher the probability that the cyclist will be severely injured in an ac
cident – for CBs even higher than for P25s. The trend of the results is as 
expected but the results are only significant for CBs, hence only this 
hypothesis can be accepted. 

The AS models do not provide significant results for the tourism 
variable (TOURISM) for either vehicle type. We used the variable as a 
proxy to test the assumption that the higher the number of tourist 
overnight stays in a region, the more likely it is that the injured cyclist 
was a tourist. The coefficients are, however, negative and hence the 
hypothesis must be rejected. This could mean that it may not be the 
tourists themselves who are more vulnerable in tourist regions. How
ever, it seems much more likely that the chosen proxy variable is not 
precise enough. Additional information on the purpose of the journey 
seems all the more important here. The AS models showed that the 
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probability of a severe accident on roads in rural surroundings is 
significantly higher than on urban roads (for CBs even higher than for 
P25s). 

5.3. Limitations 

Shinar et al. (2018), Bjørnskau [83] and Barajas [84] show that the 
number of unrecorded bicycle accidents may be very high, which we 
also believe to be the case for Germany. The dataset of our study only 
includes accidents from the year 2019, hence it is impossible to analyse 
trends [17]. All analysed accidents occurred before the Covid 19 
pandemic, which makes it more complex to predict future scenarios 
[85]. This study was carried out from the perspective of infrastructure 
planning, therefore the place of the accident (POA) is used as a reference 
point. For other issues, the place of residence (POR) of bicycle users or 
accident victims could be a more relevant reference point (examples 
here include: [86,64,31]). However, these three sources show that the 
difference between POA and POR for cycling is not as great as it is for 
motor vehicles, since most cyclists travel close to their place of resi
dence. Whether and to what extent the travel patterns of P25 users differ 
from those of CB users cannot be clarified, since no residence data were 
available. The tourism variable, which addresses one main motivation 
for cyclists to travel outside their region, was integrated into this study 
to account for this uncertainty. Barajas [84] shows that information on 
the number and distances of routes travelled can be one of the deter
mining factors of accident severity, however, due to the lack of data we 
could use only the proxy of vehicle share. In this context, the type, length 
and quality of existing cycling facilities or the proportion of roads with 
such facilities would also be an important factor, as these facilities can 
contribute to cyclists’ safety. Unfortunately, no complete data are 
available on this. Furthermore, Panwinkler and Holz-Rau [17] already 
established that experience with the vehicle and frequency of use have 
an important influence on accident severity. New services such as bike 
sharing make this even more important, as such services may attract 
users who lack experience. Unfortunately, however, no information on 
this is available in the accident reports, so we were unable to take this 
into account. In addition to the P25, there are also faster pedelecs 
(S-Pedelec or P45) available. As outlined in the introduction, these are 
not categorised as bicycles in Germany but as motor vehicles. This 
means that S-Pedelecs are subject to completely different requirements 
than bicycles, for example in terms of registration and insurance, but 
also in terms of road use and user obligations, such as the need to wear a 
helmet. As the focus of this paper is on different types of bicycles, P45s 
are excluded. Also, P45s account for only a very small number of acci
dents in Germany (P45s were involved in 381 accidents in Germany in 
2019, compared to P25s involved in more than 10,000 accidents and 
CBs involved in more than 80,000 accidents), an insufficient volume for 
our analysis. Nevertheless, P25s and P45s often look very similar, which 
can lead to further confusion. 

Finally, the MAUP (modifiable areal unit problem) always has to be 
kept in mind when analysing data on a regional level, as the drawing of 
boundaries leads to a certain inaccuracy in the categorisation of data 
and there are issues of mutual influence [87]. 

5.4. Recommendations 

As geographical variables have various influences on accident 
severity, it seems necessary to integrate them more systematically and 
intensively into road safety work in the future. The study shows that, in 
addition to the basic distinction between urban and rural areas, 
geographical variables can provide other important information. How
ever, it also appears that the available data (e.g. mileage or trip pur
poses, bicycle-tourism data) should be of higher quality (smaller scale, 
more complete, more frequent) and that additional data (e.g. on sharing, 
existence and type of cycle facility) are also needed. The bicycle market 
shows an increasing number of different new types of bicycles, such as 

cargo bikes or various trailers, which should be integrated in accident 
registration forms. Geographical variables also open up new possibil
ities. Many cities, regions and countries have committed themselves to 
sustainable mobility plans (such as SUMP) and focus on active forms of 
mobility such as cycling. They can play an important role in evaluating 
the achievement of their objectives, particularly in terms of safety [88]. 

6. Conclusions 

Geographical factors have an important influence on the severity of 
bicycle accidents. Severe bicycle accidents are not evenly distributed in 
space. Traffic, road characteristics and demographic, socio-economic 
and land-use phenomena have different impacts on accident severity 
in different regions. The diversity of effects has also increased since 
Pedelec 25 bicyclists use routes that are unattractive for conventional 
bicycles (too steep, too long, etc.). In this paper, we have identified 
relevant geographical factors and shown their influence on two types of 
injury severity: risk of severe bicycle accidents per region (RS) and 
probability of severe injuries in case of accident (AS). Spatial analyses 
indicate that for both bicycle types, severity increases in rural, moun
tainous or tourist regions. The regression analyses of RS for both vehicle 
types (P25s and CBs) showed significant effects of a range of variables. 
Thus, the risk of severe bicycle accidents per region increased as the rate 
of registered motor vehicles decreased and as social deprivation in the 
region increased (which was not expected). Similarly, higher shares of 
tourism and less compact settlement structures (suggesting urbanity/ 
rurality effects) were linked to a higher risk of severe bicycle accidents 
per region. The risk of severe accidents also increased with altitude 
differences and with lower shares of elderly population, but both of 
these factors only for pedelecs. The effects of geographical variables also 
tended to be larger for pedelecs. Binary logistic regression analyses of AS 
reveal that geographical factors also influence the probability of severe 
injuries in case of an accident. Consequently, the severity of accidents 
varies not only between the regions but also between pedelec 25s and 
conventional bicycles. Therefore, we recommend including additional 
geographical factors in accident analysis in the future. Data on some of 
these variables are already available and sufficient, while for other 
variables, the data are not available at an appropriate scale or need to be 
collected. 
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