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1. Eigenanteil an den Arbeiten

Die vorliegende kumulative Dissertation umfasst zwei Publikationen. Diese befassen sich mit der
Implementierung von robotischen Systemen ins akutklinische (intensiv-)pflegerische Setting. Die
Doktorandin ist Erstautorin der Publikationen.

(1) Das Design der Studie “Barriers and facilitators in the implementation of mobilization robots in
hospitals from the perspective of clinical experts and developers” sowie die zugehdrigen Unterla-
gen (Studienprotokoll, Aufklarungsschreiben, Erhebungsinstrumente) wurden durch die Doktor-
andin hauptséchlich und eigenstandig konzipiert, entworfen und analysiert. Die Erhebungen wur-
den zum Grof3teil durch die Doktorandin durchgefihrt, die Publikation wurde eigenstandig ver-
fasst.

(2) Die Studie wurde eigenstandig von der Doktorandin konzipiert und die zugehdérigen Unterla-
gen (Studienprotokoll, Aufklarungsschreiben, Erhebungsinstrumente) erstellt. Die Erhebungen
erfolgten in Zusammenarbeit mit anderen Forschungsprojekt Mitarbeiterinnen. Die Publikation
wurde eigensténdig durch die Doktorandin verschriftlicht.

Die Studien wurden durch die Doktorandin bei der Ethikkommission eingereicht. Es erfolgte ein
regelmaRiger Austausch und Rucksprache mit der Promotionsbetreuungskommission sowie Be-
teiligten des Projektkonsortiums. Alle Ko-Autoren revidierten die Publikationen.
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2. Einleitung

2.1. Hinleitung

Patienten auf Intensivstation benétigen aufgrund von schweren Erkrankungen eine hochspezia-
lisierte und interprofessionelle Versorgung. Die Intensivpflege ist hierbei die vernetzende und
dem Patienten durch die Arbeit am Bett am néchsten stehende Profession, die diagnostische
Verfahren begleitet, den Gesundheitszustand uberwacht sowie medikamenttse und erganzende
Therapien ausfihrt. Jedoch herrscht in Deutschland ein Mangel an qualifizierten Personal vor (1),
welcher sich in spezialisierten Bereichen wie der Intensivpflege verstarkt zeigt. Die empfohlene
Betreuung von maximal zwei Intensivpatienten durch eine Pflegefachperson (2) lasst sich nicht
durchgehend ermdglichen, wodurch aufgrund von erhdhter Arbeitslast eine implizite Rationierung
der Arbeitsaufgaben (3) entsteht.

Hierbei wird die Entscheidungsbefugnis bei offen formulierten Handlungsempfehlungen auf das
ausfuhrende Individuum tbertragen, in welchem Ausmalf bestimmte Therapien durchgefuhrt wer-
den. Dies zeigt sich insbesondere bei der therapeutischen Frihmobilisation, welche einerseits
durch verordnete Bewegungstherapie durch Physiotherapeuten ausgefihrt wird und andererseits
durch Lagerungs- und Frihmobilisationstherapie durch die Intensivpflege abgedeckt wird. Stu-
dien belegten, dass Grinde wie Personalengpéasse, ein Mangel an Hilfsmitteln oder organisato-
rische Grinde wie Personalbesetzungen am Wochenende (4, 5) zu einem geringeren Umfang
von Mobilisationstherapien wie benétigt fihrten.

Dies steht im Gegensatz zu der Notwendigkeit der therapeutischen MalRnhahme: Schwerster-
krankte Patienten verlieren bis zu 12,5 Prozent ihrer Muskelmasse innerhalb der ersten Woche
nach stationarer Aufnahme (6, 7) und entwickeln zu 40 Prozent eine Muskelschwache (8, 9). Dies
kann zu einer Critical Ililness Myopathy (CIM) (10) und damit zu langfristigen Folgen in Beein-
trachtigungen der neuromuskuléren Funktion in Form von Schadigung von Nerven und Muskula-
tur des Betroffenen fiihren.

2.1.1. Bedeutung von Frihmobilisation auf Intensivstation

Studien belegen, dass sich Patienten Outcomes durch regelmafiige Friihmobilisation in Hinblick
auf Muskelschwund (11, 12) und korperliche Funktionalitat (11, 13—-15), mitunter auch auf die
Entstehung einer ICU Acquired Weakness (17), verbessern kdnnen. Zusatzlich zu diesen unmit-
telbaren Effekten in der akutklinischen Versorgung kann sich auch ein positiver mittelfristiger Ef-
fekt in Form von reduzierter Dauer auf Intensivstation oder gar stationarer Behandlung ergeben
(12, 13, 15, 16).

Im Rahmen der im Jahr 2023 publizierten S3 Leitlinie (18) wird dementsprechend empfohlen,
taglich und in ausreichender Dauer im héchstmdglichen Level eine FrihmobilisationsmafRnahme
durchzufiihren. In der wahrend der Durchfiihrung der Studien geltenden S2e Leitlinie (19) wurde
eine Empfehlung fur zwei Therapieeinheiten mit je 20 Minuten durch zwei Fachkrafte ausgespro-
chen, an welcher sich die klinische Erhebung orientierte.

2.1.2. Robotik als Unterstitzungssystem

Die Diskrepanz zwischen dem therapeutischen Bedarf von Frilhmobilisationstherapie und der
Umsetzungsproblematik in der Praxis wurde von Entwicklern in der Robotik erkannt und in den
letzten Jahren adressiert (20). Eine Vielzahl von robotischen Systemen wurde entwickelt, um ei-
nerseits ein effizientes Training fur Patienten zu ermdglichen und andererseits Personalressour-
cen zu schonen. Hierbei sind einige Systeme, wie beispielsweise der Lokomat®©, inzwischen nicht
mehr aus der Rehabilitation wegzudenken. Im Bereich der Allgemeinstationen finden sich inzwi-
schen auch verschiedenste Robotiksysteme, wie beispielsweise Elevon (Fraunhofer-Institut fur
Produktionstechnik und Automatisierung IPA, Stuttgart, Deutschland) zur Unterstitzung bei He-
bearbeiten am Patienten. Hierbei zeigte sich jedoch, dass diese fiir Patienten in der intensivme-
dizinischen Betreuung aufgrund von kognitiv und psychomotorischen Einschrankungen weniger
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geeignet sind. Aktuell bestehen auf dem Markt zwei Systeme, die fir die Mobilisation, in Form
von gangartiger Bewegung und Vertikalisierung, von Intensivpatienten zertifiziert sind: Das Sys-
tem Erigo© (Hocoma AG, Volketswil, Schweiz) sowie der Vemotion© (ReActive Robotics, Min-
chen, Deutschland). Bei ersterem konnten bereits positive Effekte auf die motorische und kogni-
tive Funktion nach Gehirnschadigungen und Schlaganféllen nachgewiesen werden (21, 22). Bis-
her liegt ansonsten wenig Evidenz fir die Effekte der roboter-assistierten (Friih-)Mobilisation auf
die Patienten Outcomes vor. Gegenwartig betrachten Experten die potenziell positiven Effekte
auf die Mobilisationshaufigkeit und die Personalbindung als vielversprechend, insbesondere vor
dem Hintergrund des aktuellen Fachkraftemangels (18, 23, 24).

Die vorliegende Dissertation wurde im Rahmen des Pflege-Forschungsprojekts MobiStaR (Mobi-
lisation Intensivpflegebediirftiger durch einen neuen Standard in der adaptiven Robotik) erstellt.
Das Projekt hatte zum Ziel, den Mobilisationsroboter Vemotion© im intensivmedizinischen Setting
Zu erproben.

Der Mobilisationsroboter Vemotion© der Firma ReActive Robotics GmbH wurde bereits fur den
Gebrauch auf Intensivstationen CE-zertifiziert. Mithilfe der Robotik kénnen Patienten, ohne einen
Transfer auf ein separates Trainingsgerat, ein gangartiges Training im Bett absolvieren. Der
Vemotion© besteht aus mehreren Komponenten: Ein Patientenbett, das speziell fur die Robotik
entwickelt wurde, ermdglicht eine Neigung von bis zu 70 Grad und kann mit der Robotik verbun-
den werden. Zudem gehdren ein Trolley fur den Transport der Robotik sowie der Steuerung, Ful3-
und Sitzadapter und patientenbezogene Einwegprodukte zu dem System.

2.2. Methode

Das Konzept dieser Dissertation besteht aus zwei Bestandteilen: Im Rahmen der Vorstudie wur-
den vorbereitend Barrieren und forderliche Faktoren fur Implementierungen von mobilisations-
assistierender Robotik ermittelt. Diese legten den Grundstein fir die nachfolgende Machbarkeits-
studie und Pilotierung der Vemotion©-Robotik auf Intensivstationen.

2.2.1. Voraussetzungen zur Implementierung von Robotik — Methodik der
Vorstudie

In dieser Vorstudie zur Evaluation von Barrieren und Forderfaktoren zur Implementierung von
Mobilisationsrobotern ins akutklinische Setting wurde ein exploratives qualitatives Design ange-
wendet. Hierbei wurden 13 europaische Experten aus Forschung, Entwicklung und Praxis zu ih-
ren bisherigen Erfahrungen zu Implementierungen mittels eines halb-standardisierten Interview-
leitfadens (25) befragt. Der Interviewleitfaden umfasste Fragen zu allgemeinen Erfahrungen von
Integrationen, erlebte Forderfaktoren und Barrieren sowie genutzte Losungen, um diese Barrie-
ren zu Uberwinden. Die Daten wurden mit MAX QDA (26) transkribiert und mittels latenter Inhalts-
analyse (27) analysiert.

2.2.2. Integration von roboter-assistierter Frihmobilisation auf
Intensivstation — Methodik der Machbarkeitsstudie

Die klinische Machbarkeitsstudie umfasste eine sechsmonatige Integration des robotischen As-
sistenzsystems Vemotion© auf zwei andsthesiologisch gefiihrten Intensivstationen des Universi-
tatsklinikums. Das Ziel dieser Studie bestand darin, zu untersuchen, inwieweit sich roboterge-
stiitzte Assistenzsysteme fiir die Mobilisierung von chirurgischen Patienten auf der Intensivstation
eignen. Zu diesem Zweck wurde analysiert, inwieweit eine robotergestutzte Friihmobilisierung in
einer homogenen Patientenpopulation durchgefuhrt werden kann, ob sicherheitsrelevante Vor-
falle auftreten, die zu Schaden, Unterbrechungen oder Abbrichen fuhren, und wie Pflegefach-
krafte diese Form der Mobilisierung bewerten. Daten wurden mittels teilnehmender Beobachtung
(28) erhoben.
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Durch die Studienarzte aufgeklart und eingeschlossen wurden Patienten, die sich einer geplanten
Operation mit einer voraussichtlichen Beatmungszeit >48 Stunden unterzogen und die Voraus-
setzungen des robotischen Systems bezlglich GroRe und Gewicht erfillten. Die Kohorte um-
fasste Patienten, die sich einer Lungentransplantation unterzogen.

Die eingeschlossenen Patienten erhielten, nach Mdglichkeit innerhalb der ersten 72 Stunden
nach Aufnahme auf Intensivstation, ihre erste roboter-assistierte Therapieeinheit. Geplant war ein
Umfang von zwei Mal taglich 20 Minuten roboter-assistierten Trainings fur 10 Einheiten bzw. fir
sieben Tage. Durchgefihrt wurde die Therapie durch Intensivpflegefachpersonal der jeweiligen
Station, die vorab durch den Roboter Hersteller geschult und in den ersten Wochen umfassend
begleitet wurden.

Erhoben wurden Daten zu Einschlussfahigkeit der Patienten, Frequenzen und Dauern der umge-
setzten Therapien und der Ristzeiten sowie die Anzahl der benétigten Fachpersonen. Die The-
rapieeinheit betreffend wurde der Vertikalisierungsgrad, die Anzahl der durch die Patienten geta-
tigten Schritte sowie jedwede Form von Sicherheitsrisiken erhoben, die einen Schaden, eine St6-
rung oder Abbruch verursacht haben. Erganzend wurden die durchfiihrenden Intensivpflegefach-
personen nach Abschluss der Therapieeinheit gebeten, die Umsetzbarkeit und eigene physische
Belastung auf einer Likert Skala von 0 bis 7 einzuordnen.

2.3. Ergebnisse

2.3.1. Ergebnisse der Vorstudie zu beeinflussenden Faktoren far
Implementierungen

Die Studie ergab relevante Einflussfaktoren im Kontext der Entwicklung (1), Implementierung (Il)
und Routineanwendung (lll) eines Robotersystems. Herausforderungen zeigten sich in finanziel-
len Belastungen, prozessualen Anpassungen und dem Mangel an Ausnahmeregelungen sowie
der unzureichenden Unterstlitzung seitens Hersteller und Entwickler. Hingegen erwiesen sich
benutzerfreundliche Schnittstellen, partizipative Entscheidungsprozesse zwischen Endnutzern
und Entscheidungstragern der einzelnen Einrichtungen, prazise Prozessgestaltung und die kol-
laborative Entwicklung des Robotersystems durch Endnutzer und technische Experten als for-
derliche Faktoren. Die Komplexitat und die strategische Planung im Hinblick auf finanzielle Res-
sourcen, prozessuale Anpassungen und die Schaffung adaquater Regelungen stellen demnach
Schlisselaspekte fir die erfolgreiche Implementierung von Robotersystemen dar. In diesem Kon-
text ist eine prazise Abstimmung auf die Bedirfnisse der Endnutzer und eine effektive Zusam-
menarbeit zwischen den verschiedenen Stakeholdern von essenzieller Bedeutung.

I.  Vor Integration der Robotik in die Praxis wiesen die Experten auf mehrere erfolgsbeein-
flussende Faktoren hin. Strukturelle Bedingungen vor Ort (wie Raum, Bodenbeschaffen-
heit und Larmpegel) sind vorab zu prifen, ebenso wie die Kostendeckung ohne etwaige
Subventionen durch Krankenversicherungen. Durch die Entwickler ist sicherzustellen,
dass die Robotik die Anforderungen fiir den klinischen Einsatz bereits im Rahmen der
Entwicklung erfullt.

Il. Im initialen Integrationsprozess ist es entscheidend, dass ein Kernteam von Pflegekraften
geschult wird. Diese Schliusselanwender sollten motiviert sein und die Implementierung
unterstutzen. Darlber hinaus missen standardisierte Prozesse fur die roboterunter-
stltzte Therapie entwickelt werden. Diese kdnnen stationsbezogen oder krankenhaus-
bezogen sein und sollten in Zusammenarbeit mit dem Stations- oder Teammanagement
erstellt werden.

Il Die Leitung muss auch sicherstellen, dass den Pflegekraften ausreichend Zeit in der Rou-
tinearbeit freigestellt wird, wie es bei der Integration von medizinischen Geraten blich
ist. Ebenso sind Freistellungen fir Schulungssitzungen erforderlich, um eine sichere
Handhabung zu gewéhrleisten und Schliisselanwender fur das Geréat zu werden. Her-
steller sollten umfassende Unterstiitzung und Hilfe wahrend des Integrationsprozesses
bieten. Wiederholte Schulungen im Laufe der Zeit sollten ebenfalls angeboten werden,
um eine kontinuierliche Schulung der Nutzer zu gewéhrleisten.
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2.3.2. Ergebnisse der klinischen Machbarkeitsstudie

Unter den 23 eingeschlossenen Patienten wurden 16 mittels robotischer Unterstiitzung mobili-
siert, 7 Patienten wurden aus der Studie ausgeschlossen (Einschluss = 69%). Im Durchschnitt
waren 1,9 Pflegekrafte pro Therapieeinheit involviert. Patienten erhielten im Mittel 5,6 roboterge-
stiitzte Mobilisationseinheiten. Die Vorbereitung vor und nach der Therapie dauerte durchschnitt-
lich 18 Minuten, die Therapieeinheit 21 Minuten. Die Mobilisierung begann im Durchschnitt etwa
18 Stunden nach der Aufnahme. Gesamt wurden acht Mobilisationseinheiten vorzeitig abgebro-
chen, einmal aufgrund eines unerwiinschten Ereignisses in Form von Schmerzen des Patienten
und einmal aufgrund eines Anwenderfehlers. Diese Ereignisse stellen mit 1,8% aller Mobilisati-
onseinheiten die relevantesten Abbriiche dar. In vier weiteren Fallen wurde die Intervention we-
gen Erschopfung des Patienten vorzeitig beendet, wobei ein Abbruch sicherheitsrelevant war.
Zwei weitere Abbriiche waren interventionsunabhangig (medizinische Behandlung sowie spon-
tane Darmentleerung). Gesamt wurden 22 Ereignisse dokumentiert, wovon 14 wéahrend der In-
tervention geldst werden konnten (64%). Es fanden keine schwerwiegenden unerwiinschten Er-
eignisse und gesamt zwei unerwiinschte Ereignisse statt. Der Grof3teil der dokumentierten Ereig-
nisse stellten Anwenderfehler dar, welche als vermeidbar eingestuft wurden. Die Pflegekrafte be-
werteten ihre physische Belastung als gering (Mittelwert 2,0 + 1,3) und die Intervention als mach-
bar (Mittelwert 5,3 + 1,6).

2.4. Schlussfolgerung und Ausblick

Die Ergebnisse der Dissertation zeigen die Komplexitat der Integration von robotischen Systemen
ins (intensiv-) pflegerische Setting auf. Neben den in der Vorstudie vor Integration definierten
Barrieren und unterstitzenden Faktoren zeigten sich im Rahmen der klinischen Interventionsstu-
die andere Hirden, denen bei zukiinftigen Integrationen Beachtung geschenkt werden sollte. Ob-
wohl die Umsetzbarkeit durch die Pflegefachpersonen als positiv bewertet wurde, entstanden im
Rahmen von 90 Mobilisationseinheiten 22 Ereignisse, die einen Einfluss auf die Durchfuihrung
der roboter-assistierten Frihmobilisation hatten, jedoch nur in zwei Féallen zu einem sicherheits-
relevanten Abbruch fiihrten.

Hierin zeigt sich, dass neben der Komplexitat der Integration der Robotik in die stark strukturierten
Tagesablaufe einer Intensivstation auch die Komplexitat in der korrekten Anwendung der Tech-
nologie trotz umfassenden Einflihrungs-, Schulungs- und Begleitungsangebots mehr Aufmerk-
samkeit bendétigt. Die Handlungsablaufe missen vereinfacht und intuitiver gestaltet und ein Kern-
team fur die Anwendung am Patienten definiert werden.

Um neuartige Technologien wie Robotik an vulnerablen Personen- oder Patientengruppen anzu-
wenden, ist die Bildung von neuen Kompetenzen in den gesundheitlichen Berufen essenziell.
Dies wurde bereits beispielsweise bei roboter-assistierten Operationsverfahren umgesetzt, indem
die neuen Behandlungsmethoden durch umfassende Fortbildungen gelehrt und getbt werden.
Ebenso ist dies auch in nicht-invasiven Bereichen wie dem roboter-assistierten Bewegungstrai-
ning vonnodten, um den Patienten eine bedarfsgerechte und den Richtlinien entsprechende Ver-
sorgung zukommen zu lassen.
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3. Zusammenfassung

Die Ergebnisse dieser Arbeit zeigen, dass robotische Assistenzsysteme wie Vemotion© unter
spezifischen Rahmenbedingungen eine praktikable Losung fir die Friihmobilisation auf Intensiv-
stationen darstellen kénnen. Um diese komplexe Thematik umfassend zu untersuchen, wurde
ein mehrdimensionaler Ansatz gewahlt, der sowohl qualitative als auch quantitative Forschungs-
methoden umfasst.

Im Rahmen einer Expertenbefragung wurden Einflussfaktoren auf eine Implementierung von ro-
botischen Assistenzsystemen evaluiert. Hierbei zeigte sich, dass bereits in der Entwicklungs-
phase der partizipative Ansatz zwischen Hersteller und Endanwendenden entscheidend ist, um
im Praxiseinsatz eine intuitive Bedienbarkeit, Handhabbarkeit und Akzeptanz zu schaffen. Gleich-
zeitig wurden strukturelle Herausforderungen wie kurze Forderzeitraume und fehlende Freistel-
lungen fir Endnutzende deutlich, die eine aktive Mitgestaltung erschweren. Diese Ergebnisse
unterstreichen, dass eine partizipative Entwicklung essenziell ist, um die Robotik an die Bedurf-
nisse der Intensivstation anzupassen. In der initialen Integrationsphase wurde deutlich, dass
transparente Entscheidungsprozesse und intensive Schulungsmalinahmen die Akzeptanz bei
den Endanwendenden maf3geblich fordern konnen. Gleichzeitig stellte sich jedoch heraus, dass
nicht angepasste Arbeitsablaufe, lange Herstellerreaktionszeiten und unklare Finanzierungsmo-
delle die Umsetzung erheblich behindern kénnen. Dies verdeutlicht die Notwendigkeit einer sorg-
faltigen Planung, die sowohl organisatorische als auch finanzielle Aspekte berticksichtigt. Damit
die Robotik langfristig erfolgreich in den klinischen Alltag integriert werden kann, missen Pro-
zesse kontinuierlich angepasst und optimiert werden. Eine klare Prozessdefinition, ergdnzende
Schulungsangebote und ein regelméaRiger Austausch zwischen Klinik und Hersteller sind ent-
scheidend, um die Anwendung nachhaltig zu sichern. Fehlende Strukturen oder unzureichende
Kostentibernahmen durch die Krankenkassen stellen hierbei weiterhin wesentliche Hirden dar,
die es zu Uberwinden gilt.

Die im Rahmen der Machbarkeitsstudie gewonnenen Daten bestétigen, dass robotische Assis-
tenzsysteme wie Vemotion®© unter realen Bedingungen eine vielversprechende Lésung darstel-
len kénnen. Die praktische Erprobung umfasste roboter-assistierte Frihmobilisation bei 16 Pati-
enten. Die Ergebnisse zeigen, dass die Therapie durchschnittlich 20 Minuten dauerte, wobei
Rustzeiten von 18 Minuten erforderlich waren. Obwohl es zu Unterbrechungen aufgrund von An-
wenderfehlern oder Schmerzen kam, konnten hiervon 64 % direkt wahrend der Intervention ge-
I6st werden. Schwerwiegende unerwiinschte Ereignisse traten nicht auf, was die Sicherheit des
Systems unterstreicht. Zudem bewerteten die Pflegekrafte die kdrperliche Entlastung durch die
Robotik positiv und schatzten die generelle Umsetzbarkeit als gut ein.

Die Ergebnisse der beiden Studien zeigen, dass Mobilisationsrobotik unter Berilicksichtigung spe-
zifischer Voraussetzungen eine vielversprechende Erganzung fir die Intensivpflege darstellt. Die
partizipative Einbindung der Mitarbeitenden, die Anpassung der klinischen Prozesse sowie eine
transparente Kommunikation zwischen allen Beteiligten sind dabei entscheidende Faktoren.
Gleichzeitig machen die Erkenntnisse deutlich, dass technische Innovationen nur dann erfolg-
reich implementiert werden kénnen, wenn die Rahmenbedingungen — von der Finanzierung bis
zur praxisnahen Schulung — angepasst werden. Unter Bertcksichtigung dieser Faktoren besteht
das Potenzial, Pflegekréfte durch die Reduktion kérperlicher Belastungen nachhaltig zu entlasten
und Patienten eine bedarfsgerechte Frihmobilisation zu ermdglichen. Diese Arbeit legt damit
eine fundierte Grundlage fur die weitere Erforschung und Optimierung von Mobilisationsrobotik
in der Intensivpflege.
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4. Abstract

The results of this study show that, under certain conditions, robotic assistance systems such as
Vemotion© can be a viable solution for early mobilisation in intensive care units. In order to com-
prehensively analyse this complex topic, a multi-dimensional approach was chosen, including
both qualitative and quantitative research methods.

Factors influencing the implementation of robotic assistance systems were evaluated through a
survey of experts. The results showed that a participatory approach between the manufacturer
and the end-user from the development phase onwards is crucial to achieve intuitive usability,
manageability and acceptance in practice. At the same time, it highlighted structural challenges
such as short funding periods and lack of release for end users, which make active co-design
difficult. These findings emphasise that participatory development is essential to adapt robotics
to the needs of the ICU. During the initial integration phase, it became clear that transparent
decision-making processes and intensive training measures can significantly promote end-user
acceptance. At the same time, however, it was found that unadapted workflows, long response
times from manufacturers and unclear funding models can significantly hinder implementation.
This highlights the need for careful planning, taking into account both organisational and financial
aspects. In order for robotics to be successfully integrated into everyday clinical practice in the
long term, processes need to be continuously adapted and optimized. A clear definition of the
process, additional training programmes and a regular exchange between the hospital and the
manufacturer are essential to ensure sustainable use. Lack of structures or inadequate reim-
bursement by health insurance companies remain major hurdles to be overcome.

Robotic assistance systems such as Vemotion© can be a promising solution under real-life con-
ditions, as confirmed by the data obtained during the feasibility study. The practical study involved
robotic-assisted early mobilisation in 16 patients. The results show that therapy lasted an average
of 20 minutes, with set-up times of 18 minutes. Although there were interruptions due to user error
or pain, 64% of these were resolved directly during the procedure. There were no serious adverse
events, demonstrating the safety of the system. In addition, nurses rated the physical relief pro-
vided by the robotics as positive and the overall feasibility as good.

The results of the two studies show that mobilisation robotics is a promising addition to intensive
care, provided that specific requirements are taken into account. The participative involvement of
staff, adaptation of clinical processes and transparent communication between all parties involved
are key factors. At the same time, the results show that technical innovations can only be suc-
cessfully implemented if the framework conditions - from funding to practical training - are
adapted. If these factors are taken into account, there is the potential to reduce the physical bur-
den on nursing staff in the long term and to enable patients to be mobilised earlier, in line with
their needs. This work therefore provides a solid foundation for further research and optimisation
of robotic mobilisation in intensive care.
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Abstract

Background Early mobilization can help reduce severe side effects such as muscle atrophy that occur during
hospitalization. However, due to time and staff shortages in intensive and critical care as well as safety risks for
patients, it is often difficult to adhere to the recommended therapy time of twenty minutes twice a day. New robotic
technologies might be one approach to achieve early mobilization effectively for patients and also relieve users
from physical effort. Nevertheless, currently there is a lack of knowledge regarding the factors that are important for
integrating of these technologies into complex treatment settings like intensive care units or rehabilitation units.

Methods European experts from science, technical development and end-users of robotic systems (n=13) were
interviewed using a semi-structured Interview guideline to identify barriers and facilitating factors for the integration
of robotic systems into daily clinical practice. They were asked about structural, personnel and environmental factors
that had an impact on integration and how they had solved challenges. A latent content analysis was performed
regarding the COREQ criteria.

Results We found relevant factors regarding the development, introduction, and routine of the robotic system. In this
context, costs, process adjustments, a lack of exemptions, and a lack of support from the manufacturers/developers
were identified as challenges. Easy handling, joint decision making between the end-users and the decision makers in
the hospital, an accurate process design and the joint development of the robotic system of end-users and technical
experts were found to be facilitating factors.

Conclusion The integration and preparation for the integration of robotic assistance systems into the inpatient
setting is a complex intervention that involves many parties. This study provides evidence for hospitals or
manufacturers to simplify the planning of integrations for permanent use.
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Background

Severe illnesses such as strokes or cancer have increased
immensely worldwide in recent decades [1, 2]. These dis-
eases require intensive treatment, which is usually carried
out in an inpatient setting in the initial stages. In addition
to specialist medical care and medication, specialized
therapeutic interventions can positively influence the
healing process, for example, nature-based treatments [3]
or exercise-related interventions.

Some studies have already shown that early mobiliza-
tion may have a positive effect on the healing process [4—
6]. The definition of early mobilization varies [7]. In acute
care hospitals, where most initial treatment is provided,
the focus of therapy is on surgery and/or medication. In
addition, according to the German S2e guideline “Posi-
tioning therapy and early mobilization for prophylaxis or
therapy of pulmonary dysfunctions” [8], patients receive
exercise therapy, which is carried out by nursing services
and physiotherapists.

In practice, many intensive care patients receiving
intensive care suffer from intensive care unit (ICU)-
acquired weakness or muscle atrophy [9, 10]. Studies
have shown that intensive mobilization training could
provide an opportunity to reduce some of these side
effects [11-13] and might reduce the length of hospital/
ICU stay [14]. However, a high frequency of mobiliza-
tion is difficult to achieve in practice due to a lack of staff
and time [15, 16], and the high physical effort required
in mobilizing sedated patients causes the frequency and
intensity of mobilizations to decrease [15]. Additionally,
health and safety risks [17], for example, transferring the
patient to a separate exercise device, are major barriers to
performing mobilizations.

One way to reduce the physical strain on mobilizing
professionals and to increase the frequency and intensity
of training sessions is to use modern technologies such
as assistive robotics. In the context of research, robotic-
assisted mobilization has already been evaluated for its
added value [18-21], but the focus is almost exclusively
on patient outcomes [22, 23]. The difficulty of integrat-
ing new technologies and thus new processes into a
highly complex environment such as intensive care has
only been examined within certain hospitals [24]. How-
ever, understanding the interplay between innovation
and the local environment [25, 26] is crucial for success-
ful implementations in practice, as complex innovations
in nursing lead to changes in existing processes [27].
Therefore, it is essential to identify influencing factors
and include them in development and implementations
[28]. So far, an overview of the experiences of integrating

robot-assisted mobilization therapy into inpatient set-
tings is still lacking.

Aim

This study aimed to provide an overview of the barriers
and facilitators to the implemention of robotic systems
for mobilization therapy into inpatient settings like inten-
sive care or early rehabilitation facilities. We describe
which circumstances as well as environmental and per-
son-related factors need to be considered to facilitate
implementation.

Methods

Design and setting of the study

This preliminary study was part of a three-year research
project conducted under the Medical Research Council’s
[29] framework for development of complex interven-
tions and took place in the phase of development. A qual-
itative approach was chosen following the Consolidated
Criteria for Reporting Qualitative Research (COREQ)
[30] (see attachment). An exploratory qualitative design
with a single data collection point was chosen using
a semi-standardized, topic-centered interview guide-
line. Interviews were conducted with European experts
from the fields of practice, science and development to
gain a deeper insight into the integration of robotics for
assisted mobilization. The experts’ robotic systems were
designed, evaluated, or manufactured for inpatient care
with a focus on physical rehabilitation.

The research team

The research team consisted of senior researchers, PhD
students, and other scientific colleagues. Most of the
researchers directly involved in the data collection and
analysis have worked as trained nurses. The interviews
were conducted by trained female researchers and were
pre-tested. No relationship had been established with the
respondents prior to the study.

Characteristics and recruitment of participants

In order to obtain information regarding the barriers and
facilitators in the implementation of robotic systems,
we first contacted purposively identified professionals
and then added further professionals using the snow-
ball method. A total of 26 individuals were approached
by phone and email via research networks and inter-
net research. Explicit inclusion and exclusion criteria
were defined. To include experts in the study, the indi-
viduals had to (a) be conducting research on, (b) be
developing motion-related robotic systems, or (c) be
involved in at least one integration of robotic systems for
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health-promoting, inpatient settings (like rehabilitation
units or hospitals). This could be, for example, inpatient
patient care; the development, production, and distri-
bution of robotic systems; or the research of robotics
for physical health promotion. Through the multi-pro-
fessionalism of the experts, a one-sided view should be
avoided and the questions be addressed more precisely.
The experts had to be proficient in German or English
and have been working in their field for at least three
years. This inclusion criterion is intended to ensure that
the experts are firmly established in their work environ-
ment and that any barriers and support factors seen are
exclusively attributable to their handling of robotics.
Experts who had experience in other areas of robotics
or who had been active in their field for less than three
years were excluded. A total of 15 individuals agreed to
participate. Eleven individuals did not respond to the
interview request. The potential participants were sent
the information leaflet, the consent form, and a factsheet
about the overall project of which the study was a part.
The documents provided information about the purpose,
personal rights, and data protection. Additionally, the
themes of the interview guide were shared with the par-
ticipants. Of the 15 potential participants, one interview
with two individuals had to be discontinued because they
did not meet the inclusion criteria. All participants gave
informed written consent.

In total, 11 interviews with 13 experts were conducted.
Two interviews were carried out with two interviewees at
a time.

Data collection
The first and the second authors (AW and IR) conducted
the interviews. Both authors work in projects concern-
ing the implementation of robotics into nursing services.
The first author has previous experience in conducting
qualitative research, and the second author has a nurs-
ing background and was trained in interviewing. Both
authors pre-tested the interview guidelines for practica-
bility, aims, and wording and discussed these within the
research team. Due to pandemic conditions, all the inter-
views had to be conducted via online video tools. Data
were collected from December 2020 to February 2021.
The interview guide provided the thematic structure:
First, the interviewer provided structured informa-
tion about herself and about the study/project. After an
additional short clarification regarding the interviewee's
rights and data protection, a socio-demographic ques-
tionnaire was filled in together by the interviewee and
interviewer. In the questionnaire, questions regarding
gender, age, setting (inpatient care, science, and develop-
ment/manufacturing), job title and qualification, dura-
tion of activity in the sector, and duration of the handling
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of robotic systems were asked. The answers were used to
map the characteristics of the study population.

Afterwards, the interview was conducted using a semi-

standardized interview guide [31] with the following
topics:

« Previous experiences with integrations of robotic
systems,

+ Experienced supporting factors in the integration
(structural, person-related and environmental
factors).

« Experienced barriers in the integration (structural,
person-related and environmental factors).

+ Used solutions to overcome barriers.

The questions were designed to be open-ended. Topics
mentioned by the experts were explored in greater depth.
After the interview, field notes about the atmosphere
and interruptions were written down. Interviews were
conducted until the statements of the interview partners
became repetitive and no new insights could be gained
(data saturation) [32].

Analysis

The interviews were recorded using a recording device
and transcribed verbatim using MAXQDA 2022 Soft-
ware [33]. Analysis was carried out using latent content
analysis [34]. Within the coding process, open coding,
axial coding, and selective coding were performed [35]:

+ Audio records were transcribed verbatim and cross-
checked by the research team.

«+ In the first step, open coding was performed. These
codes were evolved in a two-stage process according
to the method of meaning condensation [36]: Three
researchers coded the transcripts separately and
discussed the developed codes until agreement was
reached. Where discrepancies occurred, a senior
researcher was involved.

+ Afterwards, the codes were grouped (axial coding)
according to themes. and discussed within the
research team.

+ These coding groups were summarized into several
main themes.

Rigour

The study was conducted according to the quality crite-
ria of openness, flexibility and processuality, intersubjec-
tivity, comprehensibility, appropriateness to the subject
matter, and limitations [37, 38]. Within this study, cred-
ibility, transferability, confirmability and dependability
were assured [39]. Credibility was achieved by conduct-
ing at least two pre-tests of the interview guide per
researcher as well as comprehensive preliminary research
on the topic and the field. Participants were compre-
hensively informed in advance about the objective and
the topic areas. To improve transferability, the results of
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Fig. 1 Clustered overview of results according to stage of integration and support factors and barriers

each step of the analysis were discussed by at least two
researchers until agreement emerged [40]. Dependabil-
ity was achieved by detailing the steps of data collection,
analysis, and research design in the study. Confirmability
was ensured by following the participants’ thematic focus
in-depth.

Results

Study population

The experts came from the industry and development
of robotic systems (31%), from research (23%), and from
practice or clinical settings (46%). Five were female, and
eight were male. Seven were in a management position.
Eight individuals were from Germany and five were from
Denmark (1), Austria (1), or Switzerland (3). The inter-
view participants were on average 45 years old and had
been working in their respective industry for an aver-
age of 17.5 years. On average, they had been in con-
tact with robotics for 8.8 years. Nine interviewees had
an academic degree in healthcare or engineering, and
four had completed a professional training as a nurse or
physiotherapist. The atmosphere of the interviews was
mostly friendly and neutral; in two interviews, the atmo-
sphere was reserved but friendly. Some interviews had
been interrupted by colleagues of the interview partners.
The interviews had an average length of approximately
36 min. The experts talked about integrations of robotic
systems used in physical rehabilitation. The various
devices either trained individual muscle areas (such as
legs or arms) or were geared toward whole-body training.

The majority was used in acute therapy, such as stroke
treatment or postoperative early mobilization training.
The robotic systems were either loaned for testing, leased
for a certain period of time or sold to hospitals.

The results were assigned to three stages of integration
into the acute clinical setting: development (before inte-
gration), in the initial introduction, and routine usage.
For these phases, the experts explained which points
were beneficial for longer-term usage on patients and
which factors had a negative influence to the point of fail-
ure of the integration (see Fig. 1).

Development phase

In the implementation of a robotic system, many experts
took a step back and described the important factors
influencing integration that had already taken place in
the development phase of a robotic system. In this phase,
functionality and collaboration were important factors
influencing future usage.

Supporting factors

Collaboration between end-users and manufacturers was
described as beneficial for adaptations to clinical require-
ments and small additions. These additions were not
necessarily related to the therapy, but could have been
based on a simplification of the handling procedures (e.g.
adding trash cans to the robotic system in order to avoid
extra walking distances).
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“[The end-users] had a whole wish list that we [the
technicians] basically worked out with them at the
very beginning. [...] We created the development
process and the robot in such a way that we come
closest to their requirements.” (I3 scientist).

In parallel to the collaboration in initial development, the
constant exchanges during events and trade fairs in the
form of feedback loops were also considered to be very
positive.

“Basically, we [the technicians| have also received
feedback directly from the market on this and over-
all very high feedback on the way it is implemented.”
(13 scientist).

Barriers

Robotic systems developed separately from the clini-
cal setting were not practical enough to be used perma-
nently. This may be due to their handleability in general
or the non-adaptability to the different conditions of the
patient population.

“It is always nice if the scientists and engineers come
up with a solution, but then somehow often develop
it missing the point of the market. They often for-
get to take the opinion leaders [of the end-users] on
board. (11 manufacturer).

The non-participation of nurses in the development was
often caused by a lack of time off in their daily work. A
further aggravating factor was the lack of education
regarding technology and robotics within the training to
become a nurse or physiotherapist, practioners and man-
ufacturers stated.

Another hurdle for the manufacturers and scientists
was too little public funding and short funding peri-
ods for the development of a robot adapted to practical
needs, as well as difficulties in obtaining approval for it.

Initial integration phase

The experts elaborated in detail about the manufacturer’s
support, internal hospital processes and adaptations, and
financial issues within the integration phase.

Supporting factors

Before integration into the clinical environment, the hos-
pital and the manufacturer had to make certain prepara-
tions. Moreover, the decision for robotic therapy devices
had to be supported by financial managers and the clinic’s
management, team leaders, and employees. The decision
makers’ incentive focused more on the economic factors
of the personnel for offering more therapies and using
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them as an “exposed promotional tool” (111 practioner).
For the end-users, a visible effect on patient recovery and
a relieved burden in performing therapy were important.
Motivated and open-minded end-users also enthused
employees with less technological knowledge via the
snowball effect.

“That worked out quite well, so it’s starting to spread,
and people are starting to influence each other on
these things." (12 manufacturer).

Within the hospital and the departments, open and
transparent communication was helpful. It was clearly
communicated to users that robotics are tools or aids
that would not put jobs at risk. This form of communica-
tion was also used across departments in some hospitals
to create an open atmosphere toward new technologies.

“The robot could also be considered as a Swiss pocket
knife. So, as an aid for solving the tasks properly, for
support and not to replace. A robot should not and
cannot do that (IS manufacturer).

Intensive support from the manufacturer with extensive
training and follow-up appointments within the follow-
ing two weeks was important. At the beginning of the
rollouts, team leaders and employees were provided with
informational materials and motivated employees were
invited to become key users. These employees became
the main users within the departments and were part
of the “in-house expert panel” (111 practioner) or “core
team” (110 practioner). It was considered positive if the
hospital gave the employees time off for the integra-
tion or testing phase and when there was guidance from
more experienced users or the manufacturer as a safety
mechanism.

It was crucial for employees to be able to test the device
on themselves. Through their own experience, employ-
ees were able to assess how to design the training for
patients.

“It really helped that we were all allowed to train
with the robot ourselves, so the combination of
watching but also experiencing walking in it was
very positive. So you can really feel the difference to
normal walking, or, rather said, how close it comes
to normal walking. (112 practioner).

Clear expectation management regarding usability and
limitations was also helpful. By setting realistic goals, the
idea that “false expectations are stoked"(I12 practioner)
was prevented.

Moreover, robotic-assisted therapy emerged as a form
of physical relief for the users. Robotics generated a
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higher frequency of movement sequences, which, with-
out robotics, would only have been possible with greater
physical effort.

“[Robotics| can make everyday life easier for me. [...]
In early mobilization, I would have had to work with
greater physical effort for a leg movement. So it has
to be brought to the foreground that [robotics] is also
a physical relief for us (14 practioner).

Additionally, nurses preferred to use robotics if the
patient feedback was positive.

Barriers

Challenges to integration included internal hospital pro-
cesses and structural conditions, costs, technical defects
of the robot, patients, and employees.

Internal hospital processes such as hospital hygiene,
work safety, and data protection requirements, as well as
technical conditions (stable WLAN coverage and power
supply), made integration difficult. The premises were
also not designed for the integration of robotic systems:
room sizes, noise levels, floor load, and heat generation
were problematic, so additional costs had to be invested
for conversion measures.

“The robot was first installed in a room for medical
training therapy until they realized that it was actu-
ally too heavy for the floor and that they had to put
extra plates under it" (112 practioner).

In cases where the devices were used at the patient’s bed-
side or in intensive care units, conversion measures were
not possible. This also ruled out larger robotic systems
from the very beginning, although there would have been
interest in the device.

Cost coverage was also challenging for the hospitals.
The robotic devices were usually purchased or rented by
the respective hospital alone without subsidies or contri-
butions from health insurance companies.

“The robot, as well as the rent or the purchase, costs
a considerable sum; you will never be able to cover
the costs." (110 practioner).

Additionally, structural hurdles arose in the integration
process in the hospitals. Integration into daily workflows
proved difficult, with robot-assisted therapy taking up
more time than conventional therapy or disrupting daily
routines due to noise or lack of space. No extra time off
for key users also led to one integration failure.

“The project just falls apart. There is nothing you can
do. If there is no structurally adequate integration
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over a longer period of time, then it won't work" (11
manufacturer).

The human factor also played a major role. In the user
teams, it was a hindrance if the team leadership was
not supportive of the integration. Likewise, it was noted
that some professionals permanently rejected the use
of robotics because they “only want to work with their
hands, don’t want anything modern on it” (112 prac-
tioner). Often, there was also a lack of safe handling or a
fear of being replaced by technology.

“There were also many fears ‘Okay, now technology
is coming into the house, it will make my job redun-
dant" (111 practioner).

Integration was also hampered when professionals could
not see a positive effect on the patient’s healing process
or a workload reduction.

Furthermore, some patients did not want to work with
robotics. These patients required intensive care, were
elderly, or had concomitant psychological factors. Skin
damages like skin tears initially appeared due to the use
of one robotic device.

Additionally, outages, non-timely repairs, or the lack
of extensive support from the manufacturers presented
a hurdle for integration. This was mostly put in relation
to the high investment costs. Similarly, it was noted that
outages led to negative feedback from patients.

“When some part of the robot breaks and you call
[the technicians], [...] someone has to be there the
next day to fix it. It should not take a longer period
of time." (112 practioner).

Routine

Some experts named factors that affected the use of the
robots after the intensive introductory phase. Station
processes, training, and costs were highlighted.

Supporting factors

Standardized processes such as a fixed group of users or
a rotation for robot-assisted therapy were claimed to be
useful. It was seen as beneficial if specialist supervisors
were involved.

A stable robotics operation is normally given, if
there are responsible persons. These persons focus
on robot-assisted therapy and spend most of the day
with it (112 practioner).

Key users eased the start for the other nurses, who
all subsequently also received training. Usually, one
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employee supervised a single robot-assisted mobiliza-
tion, even when multiple devices were available. In one
hospital, employees were so familiar with the devices that
they were able to perform four robot-assisted therapies
simultaneously. So, more therapies could be carried out
in the same amount of time. Since therapy units could
be billed (to insurance companies or private persons), an
additional source of revenue was generated. The simul-
taneous operation and therapies were rarely reported by
the other experts.

Adapted support, periodic visits, and integrating users’
feedback into further development by the manufacturers
was seen beneficial. They also created the opportunity for
exchange between hospitals through annual workshops
so that ideas could be jointly formulated and further
thought through by the users.

Barriers

Challenges arose if the robotics were not integrated into
processes of the respective ward from the beginning-
especially in acute or intensive care wards, where highly
complex interprofessional care was provided. Standard-
ized processes could refer to responsible professionals
or defined therapy times. If these standardizations were
missing, subsequent integration was made more difficult.
Safety risks due to a lack of defined processes or short
application times were the possible results.

“If I say right from the start, well, you can have this
leeway, then experience has already shown me that
at some point ‘ah yes, it’s not so bad. And then the
three degrees difference, quickly change to that ‘I can
allow a few more! (I4 practioner).

In the case of mechanical occurrences of the robot, con-
ventional therapy was mostly preferred because it is
more controllable and closer contact with the patient is
possible.

“And once that starts to get bogged down because
you're potentially deciding do I take this therapy
route or that one?" So, then therapists often decide
against the devices." (112 practioner).

Hospitals were facing the challenge of implementing
robotics in terms of cost coverage. A problem arose in
the accounting with health insurance companies, as the
robotic-assisted therapy had not yet been firmly inte-
grated into the cost coverage catalog.

In the ongoing process, the training of new employees
also presented a hurdle. In their work routines, no elabo-
rate training programs or time off were provided for indi-
vidual employees.

Page 7 of 10

“If the device has been in the house for some time,
then the familiarization period is usually signifi-
cantly shortened compared to a new introduction.
[...] Then I guess you have to be very, very careful"”
(14 practioner).

This may lead to users being underprepared for inten-
sive therapies for vulnerable patient populations, such as
those in early rehabilitation.

Discussion

This study points out that the implementation of robotic
assistance systems in acute inpatient care settings
requires profound preparation and structuring due to a
variety of underlying reasons.

Nursing care in acute inpatient settings, especially
intensive care, is highly complex and characterized by
situational flexibility regarding the patient’s condition.
Workflows are built on standardized processes that fol-
low national guidelines [8] or have been developed inter-
nally within wards/hospitals. A clear process description
is also essential for robot-assisted mobilization, accord-
ing to the experts in this study. These should be accom-
panied by implementation science frameworks such as
Consolidated Framework for Implementation Research
(CFIR) or Theoretical Domains Framework (TDF) [41].
Without this, integration into daily routines is difficult, as
Bertelsen also described [24] and challenges may arise in
terms of end-user acceptance due to missing knowledge,
attitudes and resources [27].

Defining clear responsibilities, such as forming a core
team, also creates structure in the area of staff plan-
ning. Nurses in the core team should be given time off
for integration, according to the experts’ recommenda-
tions. This could be achieved, for example, in a manner
similar to wound management in Germany. These nurses
are specialized and work either across hospitals exclu-
sively in the area of wound care or as specialists within
a ward [42, 43]. it would imply an adaptation of the nurs-
ing staff structures to innovative technologies. However,
specialization in robot-assisted therapy and separating
these specialists from the ward team would require new
thought processes and further research. Thus, there is a
possibility that problematic aspects such as less mobiliza-
tion due to a lack of time or acute staff shortages [15, 16]
may occur to a lesser extent. Additionally, if task assign-
ment is regulated within the ward team in the form of
the core team, risks such as the lack of safe handling of
robotic systems can already be reduced.

Studies have demonstrated that mobilization is per-
formed less when it involves more physical effort [15].
Various robotic systems offer the possibility of minimiz-
ing physical effort by taking over the lifting and support-
ing tasks. This was also pointed out by experts from the
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field, who linked the statement to more intensive training
for the patient. The positive effect of robot-assisted mobi-
lization on patient well-being also affected the motivation
of the users according to the experts. Just et al. [22] were
able to show positive trends in patient outcomes, but fur-
ther research is needed to generalize this statement.

The development of robotic assistance systems has
made considerable progress in recent years. However,
there is a discrepancy between the requirements of clini-
cal practice and the technical developments to imple-
ment and use robotics intuitively and without increased
additional effort. Similarly, the clinical requirements for
a medical device to be used on patients are a significant
hurdle. The experts emphasized that exchanging opinions
with users during the development phase is essential for
this. Vermeesch et al. [44] pointed out that, in connec-
tion with robotics, certain conditions must be satisfied to
allow the patients and users to rate the device as accept-
able and useful. Kerssens et al. [45] found that caregivers
have high expectations of robotics in home care. In the
expert interviews, this was similarly confirmed for the
acute inpatient sector, showing that a human-related bar-
rier arises if the demands are not met.

Human-related barriers were also mentioned by the
experts with regard to other aspects. These included,
in particular, team dynamics, affinity for technology,
and the motivation of the individuals. Servaty et al. [46]
also described a lack of motivation as one of the biggest
hurdles for implementation. Waibel et al. [47], however,
could not identify any significant hurdles in this respect
of their qualitative study.

Similar to the expert survey, this study also highlighted
the costs of purchase and permanent financing [47]. The
experts increasingly emphasized that financing of the
devices for permanent implementation represents is an
economic challenge. In addition to the purely monetary
expenditure for the device, this also includes any mea-
sures that need to be taken structurally. Grunow et al.
[48] suggested that sufficient space for robotic devices
should be included in the design of patient rooms in the
intensive care setting.

The rapid development in the field of robotic systems
requires further research on various aspects to further
optimize patient care and to provide nurses with future-
oriented devices, especially the influence of various
human, technical and structural factors on the success of
an implementation [26].

Limitations

Due to the higher number of experts from Germany,
many results refer to inpatient settings in this country
and may therefore not be transferable to other settings
or countries. Also, the small and heterogeneous sample
might give a limited insight into the topic. Since this study
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dealt with integration processes into the clinical setting,
only professionals had been included. The patients’ point
of view was disregarded, as they could only reflect unique
therapy experiences and it was assumed that caregiv-
ers incorporated their patients’ feedback into therapy
and into their statements. Statements by a great cohort
of patients would have strengthened the research and
should be integrated in following research.

Implications

Many factors must be taken into account before pur-
chasing/renting robotic devices for use in nursing prac-
tice [49]. Hospital and ward managers should consider
in advance whether the conditions (such as space, floor
conditions, and noise levels) on site are suitable for the
robotic device and whether the costs can be covered
without subsidies from health insurance companies.
Technicians have to ensure that the robot meets the
requirements for clinical use as part of the development.
Within the integration process, it is essential that a core
team of nurses is trained. These key users should be
motivated and support the implementation. Moreover,
standardized processes need to be developed for robot-
assisted therapy. These can be ward-related or hospital-
related and should be generated by or in co-operation
with the ward or team management. The management
must also ensure that nurses are given sufficient time off
of routine work as is common in medical devices integra-
tion. Similarly, time off for training sessions is essential
to ensure safe handling and becoming key user for the
device. Manufacturers should provide comprehensive
support and assistance during the integration process.
Repeated training over time should also be offered in
order to train more or newly hired nurses in addition to
the core team.

Conclusion

The healthcare systems face multiple challenges like the
shortage of skilled workers. If implemented well and sus-
tainably, robotic systems offer the opportunity to provide
higher frequency training for patients while relieving
nurses of the physical effort. For accomplishing this, the
prerequisites and the conditions of the respective hospi-
tal/ ward must be checked and adapted prior to the pur-
chase. When integrating the device, it is recommended to
involve the concerned end-users fully and provide suffi-
cient time off to train the handling of the device. Support
from the manufacturers is essential. For the future, con-
sideration should be given to how the innovative therapy
is included in standard care and funding.
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Background: Early mobilization is only carried out to a limited extent in the intensive care unit. To address this
issue, the robotic assistance system VEMOTION® was developed to facilitate (early) mobilization measures
more easily. This paper describes the first integration of robotic assistance systems in acute clinical intensive
care units.

Objective: Feasibility test of robotic assistance in early mobilization of intensive care patients in routine clinical
practice.

Setting: Two intensive care units guided by anesthesiology at a German university hospital.

Participants: Patients who underwent elective surgery with postoperative treatment in the intensive care unit
and had an estimated ventilation time over 48 h.

Methods: Participants underwent robot-assisted mobilization, scheduled for twenty-minute sessions twice a day,
ten times or one week, conducted by nursing staff under actual operational conditions on the units. No random-
ization or blinding took place. We assessed data regarding feasible cutoff points (in brackets): the possibility of
enrollment (x = 50 %), duration (pre- and post-setup (x £ 25 min), therapy duration (x = 20 min), and
intervention-related parameters (number of mobilizing professionals (x = 2), intensity of training, events that
led to adverse events, errors or discontinuation). Mobilizing professionals rated each mobilization regarding
their physical stress (x < 3) and feasibility (x > 4) on a 7 Point Likert Scale. An estimated sample size of at least
twenty patients was calculated. We analyzed the data descriptively.

Results: Within 6 months, we screened thirty-two patients for enrollment. 23 patients were included in the study
and 16 underwent mobilization using robotic assistance, 7 dropped out (enrollment eligibility = 69 %). On aver-
age, 1.9 nurses were involved per therapy unit. Participants received 5.6 robot-assisted mobilizations in mean.
Pre- and post-setup had a mean duration of 18 min, therapy a mean of 21 min. The robot-assisted mobilization
was started after a median of 18 h after admission to the intensive care unit. We documented two adverse events
(pain), twelve errors in handling, and seven unexpected events that led to interruptions or discontinuation. No
serious adverse events occurred. The mobilizing nurses rated their physical stress as low (mean 2.0 + 1.3) and
the intervention as feasible (mean 5.3 + 1.6).

Conclusions: Robot-assisted mobilization was feasible, but specific safety measures should be implemented to
prevent errors. Robatic-assisted mobilization requires process adjustments and consideration of unit staffing
levels, as the intervention does not save staff resources or time.

Registration: clinicaltrials.org TRN: NCT05071248; Date: 2021/10/08; URL https://
NCT05071248.

Tweetable abstract: Robot-assisted early mobilization in intensive care patients is feasible and no adverse event
occurred.

inicaltrials.gov/ct2/show/

© 2024 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

* Corresponding author at: Department of Clinical Nursing Research and Quality Management, University Hospital, LMU Munich, Marchioninistr. 15, 81377 Munich, Germany.
E-mail address: angelika:warmbein@med.uni-muenchen.de (A. Warmbein).

https://doi.org/10.1016/jijnurstu.2024.104702
0020-7489/© 2024 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http:,

‘creativecommons.org/licenses/by/4.0/).



Anhang

30

2 A. Warmbein, L. Hiibner, I Rathgeber et al. / International Journal of Nursing Studies 152 (2024) 104702

What is already known

« Early mobilization has positive effects on intensive care patients like
preventing the loss of muscle strength.

* Manual early mobilization in intensive care patients represents a high
physical strain for mobilizing professionals.

* Robotic assistance systems for mobilization are increasingly being
developed, but studies focus mainly on patient outcomes and safety.

What this paper adds

« This study addressed the feasibility of robot-assisted early mobiliza-
tion in critically ill patients and the implementability in settings
such as intensive care units.

* Robot-assisted early mobilization has a comparable risk profile to
conventional early mobilization, with an adverse event rate of 1.8 %.

» The load on the mobilizing staff was appropriate, but introduction of
robotics cannot counteract intensive staff retention and is time
consuming.

1. Background

Early mobilization might have positive effects on the cognitive and
functional health of patients in the intensive care unit (ICU) (Thomsen
et al., 2008; Bailey et al., 2007; Morris et al., 2008; Burtin et al., 2009;
Schweickert et al., 2009; Connolly et al.,, 2016; Reid et al., 2018; Beyer
and Seidel, 2017; Luca et al., 2022). Mobilization helps to prevent the
loss of muscle strength (Burtin et al., 2009) and can prevent functional
disorders (Thomsen et al., 2008; Bailey et al., 2007; Fichtner et al.,, 2017;
Fuest and Schaller, 2019). Patients in the intensive care setting may ben-
efit from mobilization, in terms of shorter hospitalization (Morris et al.,
2008; Schweickert et al., 2009) or faster recovery (Eggmann et al., 2018).

In most cases, nurses or physical therapists in intensive care units
carry out mobilization therapy manually. Usually, at least two specialists
are involved for the duration of the intervention (Bein et al., 2015), so
the therapy is staff-intensive. In this context, it is problematic that the cur-
rent shortage of qualified staff, especially nurses, also affects intensive
care in Germany. According to the S2e guideline (“Positioning therapy
and early mobilization for prophylaxis or therapy of pulmonary dysfunc-
tions") (Bein et al,, 2015), patients with pulmonary disease should un-
dergo the first early mobilization 72 h after admission to the intensive
care unit at the latest, if there is no medical reason indicating otherwise
(Fichtner et al,, 2017; Kumpf et al., 2018). Regarding the guideline, mobi-
lization should be performed twice daily for 20 min. The recently revised
iteration, embodied in the S3 guideline (Deutsche Gesellschaft fiir
Anasthesie und Intensivmedizin, 2023), softened these criteria, emphasi-
zing the central role of the patient's condition in determining the extent
and frequency of mobilization. If patients are still sedated or ventilated
(Barber et al., 2015), they lack the muscle tone to cooperate during mobi-
lization therapy. Consequently, there is an increased physical and time
burden on the mobilizing professionals, which can lead to the widely
prevalent problem of back pain (Gilchrist and Pokornd, 2021) and other
musculoskeletal disorders (Da Costa and Vieira, 2010; Ellapen and
Narsigan, 2014) due to the heavy lifting work. In daily practice, this can
result in reduced or less intensive mobilization (Hodgson et al., 2015).

Over the past few years, technology and robotics developers have
addressed this issue (Yakub et al,, 2014). Currently, there are several ro-
botic assistance systems that can support (early) mobilization (Huebner
et al, 2022; Klamt et al, 2021) and can physically relieve nurses
(Bohlen et al., 2020; Brinkmann et al., 2022; Hegewald et al., 2018).
These systems, which are technically adapted to the patient population,
are already being tested and implemented in some hospitals (Dieterich
et al, 2022; Calabro et al., 2015; Charite University, n.d.; Peper et al,,
2022). Studies have focused more on safe handling and feasibility con-
cerning patient outcomes (Just et al., 2022), and less on implementation

and feasibility in the context of intensive care units concerning aspects
such as staff retention or time and effort.

For this purpose, a three-year research project was initiated. Prior to
that, a comprehensive preliminary study was carried out, which focused
on the current state of early mobilization in intensive care units and the
experience gained to date with the implementation of robotic systems
(Huebner et al., 2022; Klamt et al., 2021; Warmbein et al., 2023;
Mehler-Klamt et al., 2022a).

The aim of this study was to investigate whether robotic assistance
systems are feasible for mobilization of surgical patients in the intensive
care unit. For this purpose, we examined to what extent robot-assisted
early mobilization can be carried out in a homogenous patient popula-
tion, whether patient safety incidents' (Larizgoitia et al., 2013) occur
that cause harm (ICH Harmonised Tripartite, 1994), interruption or dis-
continuation, and how mobilizing nursing professionals assess this form
of mobilization.

2. Methods
2.1. Study design and setting

This was a monocentric feasibility study with standardized observa-
tions (Thierbach and Petschick, 2019). The evaluation was part of a
multi-thematic study design within the MobiStaR (mobilization of inten-
sive care patients by a new standard in adaptive robotics) project
(Warmbein et al., 2022). The overall study represented the first imple-
mentation of the robotic system VEMOTION® into the practical setting
of acute clinical intensive care units. It included three study arms, which
deal with feasibility, the experience of the mobilizing professionals
(Mehler-Klamt et al,, 2022b), and the effects on patient outcomes. Since
these data were collected using various assessment methods and time
points from different institutions, this article solely presents the thematic
focus of the feasibility. Based on the development model of complex
interventions of the Medical Research Council (Craig et al., 2019), the
study took place in the feasibility phase. The study was registered
on clinicaltrials.org (TRN: NCT05071248; Date: 2021/10/08). Reactive
Robotics GmbH, Munich, Germany, developed the VEMOTION® system,
which is CE certified and approved for intensive care patients. This was
the only robot used in this study.

The study was conducted in two interdisciplinary intensive care
units, guided by anesthesiology, at the university hospital in Munich,
Germany. There were up to sixty nurses working in each ICU, so there
was high staff rotation from shift to shift and between the caretaking
of individual patients. The intervention took place from September
2021 to March 2022 during a peak phase of the COVID-19 pandemic,
which restricted conditions during the study. Since the conventional
mobilization therapy carried out in the two ICUs differed significantly
from the planned robot-assisted intervention in terms of frequencies,
durations, and intensity, no comparison was made in this study.

2.2. Participants

Robot-assisted mobilization was performed with adult patients who
underwent scheduled surgery and planned postoperative treatment in
an interdisciplinary ICU. The patients had given informed written consent
to the study physicians prior to the procedure (ICH Harmonised Guideline
Integrated Addendum to ICH E6(R1), n.d.). Postoperative treatment in-
cluded an expected ventilation time of more than 48 h. As prerequisites
for VEMOTION® training, patients had to weigh between 45 and 135 kg
and be between 1.50 and 1.95 m tall. These criteria primarily applied to pa-
tients requiring a (lung) transplant operation. During the transplantation

! A Patient Safety Incident is defined as “an event or circumstance that could have re-
sulted, or did result, in unnecessary harm to a patient. A patient safety incident can be a
reportable circumstance, a near miss, a no harm incident or a harmful incident (adverse
event)” (Larizgoitia et al,, 2013).
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informed consent discussion, the study physicians approached them re-
garding their potential participation in the study. Patients were excluded
if they were chronically ventilated or bedridden, had a clinical frailty
scale score of 27 (Tipping, 2016), were at risk for or had elevated intracra-
nial pressure, had a recent cerebral hemorrhage, or had pre-existing
neuromuscular disease resulting in chronic limitation of strength and per-
formance. An estimated sample size of at least 20 patients had been calcu-
lated, which can be found in the study protocol (Warmbein et al., 2022;
Tabachnick and Fidell, 2014; Kinney et al., 2020).

Nursing professionals had to work in an anesthesiology intensive
care unit and be trained in robot-assisted mobilization on this specific
device. Nurses got detailed information about the study and its evalua-
tion as part of the training (see Fig. 1). Participation in the study was vol-
untary. Since no personal data were collected, no additional written
consent was obtained in this study arm besides that of the study arm
evaluating behavior and experiences (Warmbein et al., 2022).

2.3. Description of materials

For enrollment eligibility, data was collected on the number of pa-
tients meeting the inclusion criteria, the number of patients included,
and the number of dropouts. Regarding interventions, data collection
included the frequency of robot-assisted and conventional mobilization
in each shift. This involved documenting the duration, pre- and post-
preparation time, and the number of personnel involved in mobiliza-
tion. For robot-assisted mobilization, we recorded the degree of
verticalization, duration at the highest level of verticalization, step
count per minute, and total step count. We also documented all kind
of patient safety incidents (Larizgoitia et al., 2013) that led to any kind
of harm, f. e. adverse events (AEs) (ICH Harmonised Tripartite, 1994),
or reasons for discontinuation. After completing robot-assisted mobili-
zation, the performing nurses were asked to rate the feasibility and
physical exertion of the mobilization on a Likert scale ranging from 0

to 7. The data collection forms were discussed with the mobilizing
nurses. During the discussion, the target values for assessing the overall
feasibility (24.0) and physical stress (<3) were jointly established.

24. Clear descriptions of all processes, interventions, comparisons

The study covered the period of robot-assisted early mobilization of
patients who met the inclusion criteria. The intervention was planned
for twice a day for 20 min, for at least 10 times or for 7 days, beginning
in the first 72 h after admission to the ICU (Bein et al, 2015). Data collec-
tion took place every day during the morning and afternoon shifts, if it
was deemed safe following the recommendations and criteria of the Con-
sensus Conference, decided by the responsible unit physicians and nurses
(Hodgson et al.,, 2014). Recommendations followed the traffic light sys-
tem (Rocca et al., 2016). In order to implement the intervention in the
unit, a new process for the robot-assisted mobilization was established,
and 10-12 nurses per unit were instructed on the use. During training
sessions lasting 1.5 h, a manufacturer trainer instructed 3-4 nurses at a
time in the device. The training followed the manufacturer’s best practice
training regimen, which encompassed not only the fundamental applica-
tion, but also demonstrated modifications based on patients' needs and
included emergency training. To facilitate the learning process, a healthy
volunteer would lie in the patient bed, and the nurses would learn the
procedure through hands-on practice. Follow-up training sessions were
held as real mobilizations of patients. Once nurses were confident in
using the robot, they were authorized to instruct other nurses.

After surgery, included patients were placed in special study beds that
were compatible with the adaptive robotic system. For the intervention,
the patient was secured in the study bed; the robotic system was
connected to the bed and the patient with a belt system. The device
moved the legs according to gait patterns and offered the possibility to
raise the patient up to 70°, allowing passive and passive-assistive walking
in bed.

Fig. 1. Training session with the robotic system.
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After regaining consciousness, patients could determine the inten-
sity of motion and verticalization of the bed. If the patient was not
conscious, nurses performed mobilization carefully and with lower in-
tensity. During the intervention as well as pre- and post-processing,
members of the research team were present to support the nurses and
collect data. The technical developers were available for additional
training and refresher sessions in the introductory phase, and spontane-
ous requests for assistance during mobilizations were answered
throughout the whole integration.

2.5. Statistical analysis

Data were collected on standardized forms and managed using
Research Electronic Data Capture (REDCap) tools (Harris et al., 2009;
Harris et al., 2019), maintained and secured by IT specialists. REDCap is
a secure web-based software platform designed to support data capture
for research studies. The data were pseudonymized using randomly
assigned three-digit IDs and analyzed descriptively using R software (R:
A Language and Environment for Statistical Computing, 2022). We de-
scribed continuous variables as median and minimum/maximum values
or mean and standard deviation, as appropriate. Categorical variables
were described as frequency and percentage. In this study, robot-
assisted mobilization was rated as feasible when a minimum amount of
such mobilizations (i.e., 50 %) could be performed, no serious adverse
events occurred, and it was judged acceptable by the users.

2.6. Enrollment eligibility

Every patient who met the inclusion criteria was included in the as-
sessment of enrollment eligibility, which is where the potential of the
intervention should be derived. We recorded the number of screened
patients who were not included in the study. It was determined that
at least 50 % of the patients should be included to consider the enroll-
ment eligibility feasible, and the retention rate (number of patients
who discontinued the intervention or had AEs) should be below 10 %.

2.7. Negative incidents and reasons for discontinuation

We systematically documented all patient safety incidents
(Larizgoitia et al., 2013) or reasons for discontinuation within robot-
assisted mobilization. These were categorized as follows:

(1) Serious adverse events (SAEs) (“any untoward medical occur-
rence that at any dose results in death or is life-threatening”
(ICH Harmonised Tripartite, 1994)), adverse events (AEs) (“un-
favorable changes in health, including abnormal laboratory find-
ings, that occur in trial participants during the clinical trial or
within a specified period following the trial” (ICH Harmonised
Tripartite, 1994; U.S. National Libary of Medicine, n.d.).

(2) errors (“abroader term referring to any act of commission (doing
something wrong) or omission ( failing to do the right thing) that
exposes patients to a potentially hazardous situation” (Patient
Safety Network, 2019))

Furthermore, we created a classification for events that led to inter-
ruptions and discontinuations of the intervention but did not resultin a
(serious) adverse event or harm, nor occurred due to an error.

(3) unexpected events or experiences/organizational issues that did
not result in any (potential) harm but led to an interruption or
discontinuation of the intervention.

2.8. Intervention-related feasibility

To assess intervention-related feasibility, the duration and setup
time should both be less than a mean of 25 min. To assess staff retention,
the number of mobilizing professionals had to be less than two

(compared with the recommendation of two professionals in the S2e
guideline (Bein et al,, 2015)). We also documented the degree of
verticalization, minutes at the highest degree of verticalization, steps
per minute, and total minutes of intervention (mean of 20 min). The
mobilizing professionals rated their own physical stress (target value:
a maximum mean of 3) and feasibility (target value: a minimum
mean of 4) of every robot-assisted mobilization on a 7-point Likert scale.

2.9. Ethics approval and consent to participate

The study was approved by the Ethics Committee of Ludwig-
Maximilians-University, Munich, Germany (21-0355). Patients consented
to participate in written form.

3. Results
3.1. Enrollment eligibility

During the recruitment period, 525 patients were treated in the two
1CUs. Thirty-two patients met the prerequisites for participation in the
study and were screened for enrollment (see Fig. 2). Because of the re-
strictions imposed by the COVID-19 pandemic, there has been a reduc-
tion in the number of elective procedures performed. Consequently, this
has led to a decrease in the pool of eligible patients available for screen-
ing, as emergency patients were unable to give informed consent. Nine
eligible patients could not be enrolled for logistic reasons (e.g., patient

Patients admitted to
the ICUs

fulfillment of

. - Exclusion
inclusion criteria?

informed consent

Exclusion
conversation?

post-operative
eligible for
intervention?

Exclusion

included patients
(n=17)

Exclusion

Drop Out?

Patient population
with intervention
(n=16)

Fig. 2. Selection and inclusion/exclusion process of the study population.
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Table 1

Overview of patient characteristics. Normally distributed data are shown as mean + SD
and non-normally distributed data as median (IQR). Categorical data are summarized as
frequency (percentage). SD = standard deviation, IQR = interquartile range.

All(n=23) Intervention Dropout
(n=16) (n=7)

Male sex 12(52%) 8(50%) 4(57%)
Age in years 58 + 88 58 + 84 56 + 103
Height in cm 170 + 6.9 169 + 7.1 172 4+ 62
Weight in kg 66 + 11.1 67 £ 119 67 +9.8
BMI" in kg/m?* 23+42 23+43 22442
Length of ICU stay in days 14 (25) 14 (19) 23(21)
Length of invasive ventilation (in h) 191 (653) 126 (501) 524 (435)
No. robot-assisted mobilizations - 6(4.5) -
Pre-op. FSS cu? 35(0) 35(0) 35(0)
SAPS 1I° (Day 0) 40 + 103 38+ 86 47 +123
RASSY (Day 1) -5(0) -5(1) ~5(0)
SOFA® (Day 1) 8433 7425 12+21

* BMI = body mass index.

N Pre-op. FSS ICU = pre-operative Functional Status Score for the Intensive Care Unit.
© SAPS Il = Simplified Acute Physiology Score I1.

¢ RASS = Richmond Agitation Sedation Scale.

© SOFA = sepsis-related organ failure score.

not available for information and consent preoperatively). The study
physicians invited twenty-three patients to participate and were fully
informed. All patients consented in writing to participate in the study.
Within the study period, one patient withdrew consent postoperatively.
The predefined target criterion of study participation of at least 50 % of
the potential patients was met, with 69 % (16/23). Of the 23 patients in-
cluded, 7 patients (30 %) were not able to undergo the intervention due
to extracorporeal membrane oxygenation (ECMO) treatment and he-
modynamic instability (n = 6) or withdrawal of consent (n = 1). The
patient population is described in Table 1.

In total, the nurses carried out 90 robot-assisted mobilizations with
16 patients. In 161 instances, mobilization could not be performed.
Medical contraindications (e.g., ECMO therapy) were a factor in sixty-
nine cases, organizational reasons such as staffing shortages were men-
tioned in forty-two cases, patients expressed different preferences in
thirty cases, and mobilization was prevented in twenty cases due to
(planned) medical treatment (see supplemental material). Using ro-
botic assistance, 70 % of the patients were mobilized. All patients also
underwent standard mobilization therapy.

On average, mobilization began after 18 h. Fifteen of the sixteen pa-
tients (94 %) were mobilized within the first 72 h from ICU admission.

The first robot-assisted mobilization started on average after 26 h. One
patient was first mobilized after 115 h (see Fig. 3).

On average, the patients were mobilized using robotic assistance 5.6
(42.9) times within the one-week period. The number of mobilizations
varied between 2 and 10 units. The setup time varied from 9 to 45 min
and post-processing time from 3 to 20 min (mean 8 min). With a mean
setup time of 18 min and mobilization time of 21 min, the target time of
a maximum 25 min was met. There was no observed decrease in setup
times throughout the duration of the study.

3.2. Reasons for discontinuation and patient safety incidents

Within the study period, eight discontinuations of the intervention
occurred (see Table 2). One discontinuation was due to the indication
of pain by the patient. Additionally, one intervention was prematurely
terminated due to a user error. These two events present the most im-
portant reasons for discontinuation, corresponding to 1.8 % of all inter-
ventions. In four cases, patients discontinued the intervention due to
short-term exhaustion, wherein one event was classified as patient
safety incident. Two discontinuations were unrelated to the interven-
tion (attributed to medical treatment and bowel movement). In sum-
mary, there were no serious adverse events and three interruptions
with one pain, one exhaustion and one incorrect utilization of the ther-
apy device. Five interruptions were non-critical events such as bowel
movement, exhaustion and interruption for medical treatment.

Throughout the entire study period, the researchers documented
twenty-two events that posed an impairment factor in the context of
the intervention. Among these, fourteen events (64 %) were resolved
during the intervention, enabling the completion of the intervention.
This included one AE with pain, which the attending nurse successfully
addressed with medication administration, and the patient agreed to
complete the intervention.

The most frequent events were errors related to robotics handling,
such as misses in connecting the adaptive robot to the study bed or en-
trapment of infusion cables in the robot's fixation system. These events
caused no harm but were considered avoidable. No serious adverse
event occurred; one incidence of pain was categorized as adverse event.

3.3. Staff deployment and evaluation
Across all mobilizations, the mean number of professionals performing

the therapy was 1.9, Thus, the target criterion of <2 individuals was met,
but the number could not be reduced to 1. The number of mobilizing

— Intervention = Intervention (VEMO)
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Fig. 3. Kaplan-Meier curve for time to first mobilization. Light gray curve shows time to first mobilization of any type and dark gray curve shows time to first robot-assisted mobilization.

Dashed gray line shows 72 h since ICU admission.
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Table 2
Reasons for discontinuations and patient safety incidents in robot-assisted mobilization.

Category Description Number  Discontinuations
(total) In patient safety incidents  In uncritical events
Patient safety Incidents ~ SAE* - =; = =
AE® Pain 2 1
Errors Incorrect utilization of the therapy device 10 1 -
Lack of workplace monitoring 1 - -
Software update error 1 - -
Other events Organizational issue Medical treatment 1 - 1
Unexpected 1 ience: Bowel 2 - 1
Exhaustion 4 1 3
Maximum force shutdown of robot by the patient 1 - -
TOTAL 3 5
22 8

# SAE = serious adverse event.
" AE = adverse event.

specialists varied between one and four for the individual therapy units
(one person, 19 %; two persons, 65 %; three persons, 11 %; four persons,
1 %). This number did not vary in the course of therapy for individual
patients.

After each mobilization, the nurses responsible for the mobilization
assessed their own physical stress and the feasibility of the training ses-
sion. On average, physical stress was rated as 2.0 (+1.3) on a scale from
0 (no stress) to 7 (very high stress). The target criterion value of <3 was
achieved. The assessed physical stress varied according to the number of
mobilizations the individual patient received. The mean rating that was
above the target criterion was exceeded in five of ten mobilizations (see
supplemental material). As a result, the overall physical stress can be
considered appropriate, but a general relief of the physical burden
could not be confirmed due to the outliers.

General feasibility was assessed by the mobilizing nurses on a scale
from 0 (not feasible) to 7 (very feasible). Overall, with an average rating
of 5.3 (£ 1.6), the target criterion of 4.0 was met. Therefore, the mobilizing
nurses rated the robotic assistance as feasible. Assessing the different
stages of mobilization units, no changes were found (see supplementary
material).

3.4. Intervention-related overview

The robot-assisted mobilization parameters were assessed as part of
the evaluation. The verticalization of the patient ranged between 14 and
54° (31.0 & 8.6). For the most part, patients indicated that they did not
want further verticalization. The maximum of 70° was not used within
the patient cohort. On average, the patients remained at the highest
degree of verticalization for 13.3 (+5.2) minutes. With a median of
20 steps per minute (IQR = 0) a range of between 270 and 682 steps
(median 407.0, IQR = 38) was documented. The movement of the
legs was quite feasible, but the verticalization was used cautiously.

4. Discussion

This study represents the first use of VEMOTION® in early mobi-
lization of critical care patients in acute care hospitals. In here,a 1.8 %
rate of adverse events with robotic-assisted mobilization under-
scores the comparable safety risk of this approach compared to con-
ventional methods, which reported a 2.6 % rate (Nydahl et al., 2017).
The contrast becomes even more significant considering that standard
care interventions show a 50 % incidence of serious adverse events
(Decormeille et al., 2021) while no serious adverse event occurred in
our six months trial period. Despite the documented benefits of any
kind of mobilization (Burtin et al., 2009) for patient populations such
as lung transplant patients (Renner et al., 2023), the observed mobiliza-
tion rates in other studies remain at 16 % (Hodgson et al., 2015) or range
from 8 % to 53 % (Nydahl et al., 2013; Algahtani et al., 2022). This high-
lights the need for careful consideration of mobilizing critically ill

patients and the importance of transparent communication about
potential risks.

Especially in innovations like robotics, detailed examinations about
benefits and risks are essential. Calabro et al. (2015) assessed the accept-
ability and the risks in patients with aneurysmal subarachnoid hemor-
rhage using a comparable mobilization robot, Erigo. This robot is very
similar to the one used in our study, except for the need to transfer the
patient from the bed to the training device. The authors reported no ad-
verse events or discontinuations in this vulnerable patient population.
Our study revealed two adverse events in the form of pain, one of
which led to discontinuation of the intervention. This reaction was not
desirable, but was deemed tolerable due to its short-term occurrence
and as an expected risk in view of the temporal proximity to the trans-
plantation procedure (Wickerson et al., 2016). Also exhaustion (or fa-
tigue) has been shown to be a normal response to surgery after less
invasive procedures, such as day surgery (Donadello and Gottin, 2020;
Mendy et al., 2020). Patients who have undergone lung transplantation
continue to experience fatigue one year after surgery (Reinsma et al.,
2006). Since the exhaustion experienced by the patients had no influ-
ence on patient parameters, condition or medication, it can also be
regarded as an undesirable, but tolerable side effect of the training. This
contrasts with the case study by Dieterich et al. (2022), in which a pa-
tient was successfully guided through the weaning process using the
VEMOTION® system, with no mobilization-related incidents reported.

In addition to Serious Adverse Events and Adverse Events, we also fo-
cused on all events that interrupted or even led to discontinuation of the
intervention, as robotics is a highly complex technology that requires ac-
curate and precise handling (Servaty et al., 2020). Using the robotic sys-
tem in daily clinical practice during a peak period of the COVID-19
pandemic, characterized by increasing staff shortages and complex pa-
tient treatment protocols, was challenging and the goal of ten mobiliza-
tions per patient was rarely achieved. In this context, user errors or
lapses in attention at the workstation led to longer setup times or discon-
tinuations. Even though these user errors, in their present state, did not
result in adverse events, they carried the risk for delays or patient dis-
comfort. The ongoing demand for the designated nurses' presence
(Bertelsen et al., 2020) disturbed the nurses' everyday routine, as they
typically had to provide care for two patients. These were rarely placed
in the same room, requiring the involvement of an additional nurse to as-
sess the condition of the other patient during the intervention. This,
coupled with the alignment of setup times with therapy duration
(Waibel et al., 2022), occasionally led to the substitution of robotic assis-
tance for more time-efficient conventional mobilization. This differs
from other trials in which either nurses or physiotherapists were explic-
itly assigned to perform the intervention, or the safety of the intervention
was tested in feasibility studies (Bertelsen et al., 2020; Gandolfi et al.,
2017). To make robot-assisted mobilization an intervention that saves
human resources, two other factors should be taken into account: the
training of core teams within a unit, indicated in our preliminary
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research (Warmbein et al,, 2023) as well as the need to develop technol-
ogy that is easy to use in practice, highlighted by Bertelsen et al. (2020).

However, Brinkmann et al. (2022) observed that the implementa-
tion of robotic systems for manual patient handling can alleviate phys-
ical workload and musculoskeletal strain for nurses. According to the
current S3 guideline (Deutsche Gesellschaft fiir Andsthesie und
Intensivmedizin, 2023), two specialists should be involved in the mobi-
lization. In our study, the average number of people using the robotic
system was 1.9, which can be regarded as a positive result when consid-
ering the overall staff resources. This presents a chance to provide a
health-promoting intervention for nurses by reducing physically de-
manding tasks (Dieterich et al., 2022), and an opportunity to provide
physical support to nurses.

Another study (Grunow et al., 2022) also described a lack of space
for handling and storage as a barrier to implementing new robot-
assisted therapies. The typically limited space in intensive care units
was not a critical issue in our study, although the structural conditions
were not designed for the use and storage of mobile robotics.

5. Limitations

The study only focused on the mobilization robot VEMOTION® so the
results might vary with other models. While conducting the evaluation,
the COVID-19 pandemic was a great burden for the staff in ICUs and influ-
enced the frequency and length of robot-assisted mobilization. Another
limitation is that procedures in the interdisciplinary intensive care unit
are not schedulable. A comparison with conventional early mobilization
could not be implemented, as patients were primarily passively conven-
tionally mobilized. The cutoff points for assessing feasibility and self-
perceived physical stress by the users were jointly determined with the
nurses to provide a practical assessment. It should be noted that these cut-
off points may vary in other healthcare institutions. Real-life conditions
are described, but their transferability to other settings is restricted.

6. Conclusions

Robot-assisted early mobilization in ICUs is feasible for nurses mobi-
lizing a pre-defined patient population. However, the study highlighted
the need for more comprehensive support and training to reduce errors.
Notably, no serious harm to patients was observed during this study,
but incorrect usage increases the potential for harm. At the same time,
the introduction of robotics cannot counteract intensive staff retention
and is time consuming. Further research, in form of a larger randomized
trial, is needed on the long-term implementation of robotics and related
processes in the ICU setting. Since challenges such as nursing shortages
cannot be solved in the near future, increased efforts should be made to
support nurses with new technologies such as robotics.
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