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ECMOve: A Mobilization Device for Extracorporeal Membrane 
Oxygenation Patients
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Extracorporeal membrane oxygenation (ECMO) is a tempo-
rary lifesaving treatment for critically ill patients with severe 
respiratory or cardiac failure. Studies demonstrated the 
feasibility of in-hospital mobilizing during and after ECMO 
treatment preventing neuromuscular weakness and impaired 
physical functioning. Despite more compact mobile ECMO 
devices, implementation of ambulatory ECMO remains labor-
intensive, complex, and challenging. It requires a large multi-
disciplinary team to carry equipment, monitor and physically 
support the patient, and to provide a back-up wheelchair in 
case of fatigue. Moreover, there is no adequate solution to 
ensure the stability of the patient’s cannula and circuit man-
agement during ambulation. We developed a system contrib-
uting to improvement and innovation of current ambulatory 
ECMO patient programs. Our modular cart-in-cart system 
carries necessary ECMO equipment, features an extend-
able walking frame, and contains a folding seat for patient 
transport. An adjustable shoulder brace with lockable tubing- 
connectors enables safe fixation of the blood tubing. ECMOve 
provides safety, support, and accessibility while performing 
ambulatory ECMO for both patient and caregiver. Prototype 
evaluation in a simulated intensive care unit showed feasibil-
ity of our design, but needs to be evaluated in clinical care. 
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Supplemental Visual Abstract, http://links.lww.com/ASAIO/
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Extracorporeal membrane oxygenation (ECMO) is a tempo-
rary lifesaving treatment for critically ill patients suffering from 
severe respiratory or cardiac failure.1,2 Over the past years, a 
paradigm shift has taken place from keeping intensive care unit 
(ICU) patients under deep sedation and immobilization toward 
participation and mobilized patients.3 Awake ECMO treat-
ment may avoid the use of heavy long-term sedation required 
for mechanical ventilation. This strategy prevents prolonged 
mechanical ventilation and associated complications includ-
ing delirium and longer stay in ICU.4,5 Extracorporeal mem-
brane oxygenation use without mechanical ventilation allows 
for active patient rehabilitation and is associated with improved 
patient survival rates compared to mechanical ventilation- 
based bridging strategies.6

Physical therapy during ICU stay of critically ill patients 
has been shown to be safe and effective in preventing neu-
romuscular weakness and impaired physical functioning.7–10 
Subsequently, active rehabilitation during ECMO progressed 
toward studies showing the feasibility and safety of early 
mobilization in ECMO patients,11–18 and is in line with active 
in-hospital mobilization strategies after cardiac surgery.19 A 
positive response to early mobilization during ECMO has been 
associated with improved clinical outcomes such as lower 
mortality, decreased length of hospital stay, and improved 
level of independence after hospital discharge.11,20–23 These 
improved patient outcomes may lead to lower hospital costs 
compared to nonambulatory ECMO.23 New technologies and 
innovations have led to more compact ECMO devices with 
increased mobility.24,25 Despite these improvements, ambula-
tory ECMO remains labor-intensive, challenging, and risky. A 
highly trained multidisciplinary team is needed.26 Patient fall 
incidents, cannula-related complications, and fatigue are seri-
ous risks and may result in life-threatening situations.7,15–18,27–29 
These conditions may prevent ICUs, especially low-volume 
centers, from using ambulatory ECMO.22 A compilation of 
ambulatory ECMO videos reveals the aforementioned chal-
lenges that need to be addressed.30 Indeed, adequate solutions 
for safety and stability of patient’s cannula and circuit manage-
ment are lacking. Additionally, multiple not strictly necessary 
devices (eg, heater-cooler unit) are transported during mobili-
zation, which further complicates the situation.

We designed and developed ECMOve: a modular system for 
improvement of current ambulatory ECMO patient programs. 
This system provides safety, support, and accessibility while 
performing ambulatory veno-venous (VV) ECMO for both 
patient and caregiver.

Materials and Methods

Extracorporeal membrane oxygenation mobilization sup-
port system development was performed according to the 
V-model.31 For each module, detailed user requirements were 
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defined to develop a system that complies with the user’s 
needs. Actual ECMO patients were not involved in the design 
process. Instead, scientific publications and openly avail-
able online video content were used to determine the limi-
tations and needs of current ambulatory ECMO practice.26,30 
Unstructured, multiperspective feedback was collected and 
integrated throughout the development process, including 
feedback from the ASAIO community.32 A risk analysis was 
performed to identify risks for both patient and caregiver. 
Where necessary, countermeasures to minimize the probabil-
ity of occurrence were defined and translated into additional 
design requirements.

General Requirements

User requirements were defined based on the limitations of 
current clinical ambulatory ECMO care. This design focuses on 
adult ICU patients receiving VV-ECMO support through a dual 
lumen cannula placed in the jugular vein and receive ambula-
tion by walking. Extracorporeal membrane oxygenation treat-
ment was classified into two treatment situations: stationary 
(bed-bound) and ambulatory (walking) ECMO.

Six key user requirements were defined at the start of the 
project to set the scope for the design process. A component 
to provide:

	 1.	 Transport of ECMO equipment necessary for both station-
ary and ambulatory situations. This equipment includes 
ECMO device (eg, Cardiohelp, CARL, Mobybox, etc.), 
oxygen cylinder, emergency drive unit, emergency kit, 
perfusor pump(s), and drip(s).

	 2.	 Transport of ECMO equipment only necessary for station-
ary situation. This equipment includes gas blender, flow 
meter, and heater-cooler unit.

	 3.	 Physical patient support during walking and in case of 
sudden events such as patient fatigue or unexpected 
hemodynamic instability.

	 4.	 Safety and stability of the patient’s cannula and circuit 
management during ambulatory ECMO.

	 5.	 Easy switching between wall-mounted gas and bottled gas.
	 6.	 Easy attachment and detachment of devices needed for 

stationary ECMO.

Patient-Centered Requirements

To design a patient-centered system suitable for a wide range 
of patients, anthropometric data were used to create four different 
personas. Anthropometric data were collected using the DINED 
anthropometric database of Technical University (TU) Delft.33 
Measures were based on a Dutch population with an age of 
31–60 years. Two male and two female profiles were generated. 
For both genders, anthropometric data for the P5 (5th percentile) 
and P95 (95th percentile) were defined (Figure 1). This resulted in 
a small and a large patient profile for both genders. Multiple body 
measures were considered to generate a three-dimensional (3D) 
computer-aided design (CAD) profile for each persona and were 
used to further define the design requirements of the system.

User requirements for patient types were established 
based on the profile data generated. The main user require-
ments regarding patient type include that the product shall be 
designed for patients with a weight of 52–102 kg, height of 
156–190 cm, and chest circumference of 82–121 cm.

Figure 1. Creation of four personas for patient profiling through anthropometric data analysis. Anthropometric data were sourced from 
the TU Delft DINED database, covering human measurements from Dutch adults. The data, depicting the 90% range (5th–95th percentile), 
pertains to individuals aged 31–60 years and is visualized in the left panel. TU, Technical University.
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System Design

The developed system was divided into six modules. Each 
module solves a specific problem originating from the corre-
sponding key user requirement. Morphological schemes were 
used for preconcept generation of the modules. Each preconcept 
was evaluated by weighing its pros and cons without using a 
dedicated scoring system. Thereafter, one concept was selected 
for further development. Subsequently, two-dimensional  
(2D) sketches of the chosen preconcept were elaborated 
and transformed into 3D models using Shapr3D for MacOS 
(Shapr3D Zrt., Budapest, Hungary). Multiple design iterations 
were performed to generate the final design of each module. 
All 3D model designs were optimized for prototype assembly. 
Only the final module designs are elaborated in this article.

Prototype Fabrication

The ECMOve prototype was built by combining prefabri-
cated components with custom-made parts. Custom-made 
sheet materials were obtained with laser cutting 3 mm thick 
steel, 6 mm high-pressure laminate, and 12 mm plywood. Other 
custom parts were fabricated with selective laser sintering.

Design Verification

Prototype verification was performed in a simulated ICU 
environment at TechMed Simulation Centre (University of 
Twente, Enschede, the Netherlands). Usability and function-
ality of the ECMOve were assessed for use in a clinical set-
ting. Multiple user scenarios were simulated using voluntary 
healthy subjects (n = 5, written consent given) with varying 
body profiles (weight: 50–88 kg, body height: 162–189 cm, 
chest circumference: 80–98 cm) to check for suitability across 
a wide range of patients. The use of a Cardiohelp ECMO 
system (Getinge AB, Rastatt, Germany), and a heater-cooler 
device (HICO-Aquatherm 660; pfm medical hico GmbH, 
Köln, Germany) enabled realistic simulation testing.

Results

Final Concept

The final concept of ECMOve as depicted in Figure 2 com-
prises a modular cart-in-cart system consisting of two dis-
tinct carts—a stationary cart and the ambulatory cart. The 

Figure 2. Final concept of the developed ECMOve system comprising an ECMO device (1), emergency kit (2), heater-cooler unit (3), multi- 
connector—ambulatory part (4a), multi-connector—stationary part (4b), oxygen bottle (5), gas splitter (6), emergency drive for blood pump (7), gas 
blender and flow meter (8), perfusor pump(s) (9), drip(s) (10), power hub (11), blood tubing and cannula fixation device (12), folding seat (13), walk-
ing frame (14), foot pedal for actuation of lift mechanism (15), and (de)braking safety system (16). ECMO, extracorporeal membrane oxygenation.
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stationary cart carries devices not required during ambulation 
and remains in the ICU next to the patient’s bed. The ambula-
tory cart carries all necessary devices during ambulation and 
features an extendable walking frame (Figure 2, component 
14) that ensures safe walking support for the patient. The fold-
able seat (13) allows the patient to sit and facilitates transport 
back to the ICU in case of patient fatigue or in-hospital trans-
port. A safety brake system (16) prevents unintentional move-
ment of the ambulatory cart. Devices on both carts can be (dis)
connected through a multi-connector hub (4a, 4b), enabling 
easy configuration of necessary fluids (tempered water from 
heater-cooler unit), gases, and electricity. A connection 
between the stationary and ambulatory cart is maintained by 
a pedal-controlled lift mechanism (15) that prevents acciden-
tal disconnection of the multi-connector and enables transport 
of both carts simultaneously. The system also features a gas 
switch (6) that allows for convenient switching between wall-
mounted gas and bottled gas. A prefabricated universal shoul-
der brace (12) (Bracefox, Breda, the Netherlands) combined 

with an integrated blood tubing connector that can be adjusted 
to the patient via Velcro closure, facilitates secure fixation of 
the blood tubing, and minimizes strain on the cannula.

Module Specification

Module A—blood tubing fixation module.  The aim of the 
blood tubing fixation module is to provide safety and stabil-
ity of patient’s cannula and tubing management during ambu-
latory ECMO. The resulting concept design is depicted in 
Figure 3.

Module B—ambulatory device transport module.  The 
aim of the ambulatory device transport module is to provide 
transport of devices necessary in both stationary and ambula-
tory conditions. The design of the ambulatory device transport 
module is shown in Figure 4.

Module C—stationary device transport module.  The aim of 
the stationary device transport module is to provide transport 
of devices only necessary in stationary conditions. Figure 5 
shows the design of the stationary device transport module.

Figure 3. Design of the blood tubing fixation module (A and B) providing safety and stability of the patient’s cannula and tubing management. 
The blood tubing fixation module comprises a (1) universal shoulder brace, (2) adjustable Velcro chest closure, (3) adjustable Velcro upper arm 
closure, (4) blood tubing connector, (5) bottom plate, (6) base plate, (7) countersink for tubing clamp mounting, (8) blood tubing clamp—two per 
tube, (9) locking pin, (10) antislip rings—two per clamp. Simulated ECMO patients wearing the prototype during lying in bed (C), walking with 
the ambulatory cart (D). Permission was obtained for use of this photograph for publication. ECMO, extracorporeal membrane oxygenation.
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Module D—patient support module.  The aim of the patient 
support module is to provide physical patient support during 
walking and in case of sudden events such as patient fatigue or 
unexpected hemodynamic instability. The design of the patient 
support module is shown in Figure 6.

Module E—gas splitter.  The aim of the gas splitter is to pro-
vide easy switching between wall-mounted gas and bottled 
gas.

The proposed concept involves a gas splitter consisting of 
two inlets and one outlet. One of the inlets is intended for the 

oxygen cylinder. The oxygen flow needs to be regulated using 
a medical flow regulator before it enters the gas splitter inlet. 
The other inlet is meant for the wall gas mixture. The outlet of 
the gas splitter is connected to the gas inlet of the oxygenator. 
The gas splitter must be capable of switching between the two 
inlets, necessitating the incorporation of a change-over valve. 
Moreover, when one inlet is in use, the other inlet must be 
blocked. The change-over valve can be implemented using 
either a solenoid valve or a mechanical mechanism. A con-
ceptual artwork and further information on this concept can be 
found in Supplement A, Supplemental Digital Content, http://
links.lww.com/ASAIO/B213.

Module F—multi-connector hub.  The aim of the multi- 
connector hub is to provide easy attachment and detachment 
of devices needed for stationary ECMO.

To facilitate easy configuration of necessary fluids, gases, 
and electricity between devices required for stationary ECMO 
a multi-connector hub was designed as depicted in Figure 4. 
This hub comprises two parts: a stationary part and an ambula-
tory part. In stationary conditions, the two parts must be con-
nected to each other, whereas in ambulatory conditions, they 
must be disconnected. Both the stationary and ambulatory hub 
parts consist of a plate in which the necessary valved connec-
tors are mounted. These connectors are valved to prevent leak-
age when disconnected.

When the two carts are pushed together, the connectors of 
both hub parts will slide into each other and connect. A lifting 
mechanism lifts the stationary cart to ensure no positional dis-
placement between the stationary and ambulatory connectors.

ECMOve Patient Scenario

To describe the intended use of the system, a user scenario of 
an ICU patient on ECMO has been described (Figures 7 and 8).

Design Verification at Simulated Intensive 
Care Unit Environment

During ambulation, the shoulder brace and blood tub-
ing connector remained in position. The shoulder brace 
was successfully tested on both a large man and a small 
woman. Simulation tests show that the ambulatory cart moves 
smoothly on flat hospital floors, with little force required to 
initiate movement. The cart’s maneuverability is enhanced by 
its ability to move sideways, allowing for easy positioning in 
all directions. Applying the wheel brakes is simple and neces-
sary to prevent the cart from moving when the patient uses it 
to stand up. The current height of the pushing handle is suit-
able for taller patients, but should be redesigned for a broader 
scope of patients. During testing, it was confirmed that the cart 
remains stable and does not tilt when the patient applies full 
body weight to the pushing handle. Additionally, attaching of 
different equipment to the cart and lifting the ECMO machine 
in and out of the cart was also successfully performed by a 
large man and a small woman. A video of prototype testing 
is available in Supplement B, Supplemental Digital Content.

Discussion

The aim of this study was to develop a system that contrib-
utes to the improvement of current ambulatory ECMO. A proof 

Figure 4. Design of ambulatory device transport module providing 
transport of devices necessary in both stationary and ambulatory 
conditions. This module comprises a (1) drip, (2) drip connection 
pole, (3) perfusor pump(s), (4) perfusor pump connection pole, (5) 
tray for additional accessories, (6) patient pushing handle, (7) main 
pushing handle for caregiver, (8) side handle for caregiver, (9) (de)
braking handles, (10) ECMO device, (11) gas splitter (module e), 
(12) emergency drive for blood pump, (13) tray for ECMO device 
placement, (14) power hub, (15) tray for power hub, (16) ambulatory 
hub plate mounting all ambulatory connectors containing: (16.1) 
electricity connector, (16.2) gas connector, (16.3) water connec-
tors (inlet) for heater-cooler unit inlet/outlet, (16.4) water connector 
(outlet) for heater-cooler unit, (17) multi-connector hub (module f, 
stationary and ambulatory hub part), (18) lift mechanism for secure 
device connection, (19) foot pedal for lift mechanism actuation, (20) 
oxygen bottle, (21) oxygen bottle holder, (22) (de)braking safety sys-
tem, (23) swiveling wheels, (24) parking brake, (25) extendable frame 
of patient support module, (26) handle for (un)locking the extend-
able frame, (27) main ambulatory cart frame. ECMO, extracorporeal 
membrane oxygenation.
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of concept was developed and tested in a simulated ICU envi-
ronment. Most of the user requirements (4/6) were met during 
verification testing.

Cannula and Tubing Management

The simulation tests suggest that the shoulder brace is a con-
venient tool for safely attaching blood tubing to patients, as 
it can be easily attached to a supine patient by a single care-
giver. The double strain relief of the blood tubing connector 
prevents the cannula from any tension even when strong forces 
are applied on the tubing between the blood tubing connector 
and the oxygenator. Although the shoulder brace was safely 
used for both patient profiles, a smaller version would be more 
comfortable and better suited for smaller patients. To define 
the ideal position for the blood tubing connector, a Velcro 
connection between the connector and the shoulder brace is 
being used. In a future prototype, it is recommended to fixate 
the blood tubing connector on the shoulder brace to prevent 
accidental disconnection. However, an additional securing of 
the cannula itself to the patient might still be necessary to over-
come the stiffness of the cannula and the tubing between the 
canulation site and our blood tubing connector.

If the patient wears the shoulder brace while lying in bed, 
tubing behind the head of the patient could lead to decubitus. 
Therefore, it is important that the blood tubing is positioned 
above the patient’s head when the shoulder brace is used in 
stationary conditions. This still fixates the blood tubing, but 
prevents friction behind the head of the patient. The tubing 
length between the cannulation site and the blood tubing fixa-
tion module can be adjusted accordingly by opening and (re)
closing the blood tubing fixation clamps.

Equipment Transport

The stationary cart easily moves in all directions when the 
ambulatory cart is detached. The pole attached to the back of 
the stationary cart allows for placement of multiple devices 
required in stationary conditions (eg, gas blender, flow meter, 
etc.). The ambulatory cart successfully detaches from the sta-
tionary cart by lowering the lift mechanism using the foot 
pedal. It is recommended to increase the diameter of the foot 
pedal axes for more stability and durability. The lift mechanism 
lifts the stationary cart just enough to minimize the contact 
of the stationary cartwheels with the ground. A slight enlarge-
ment of several components would provide more lifting height, 

Figure 5. Design of stationary device transport module (A) providing transport of devices only necessary in stationary conditions, and 
ambulatory ECMO cart combined with the stationary cart as used in stationary ECMO conditions (B). The stationary device transport module 
comprises a (1) connection pole for gas blender, flow meter, and multiple socket outlet, (2) gas blender, (3) flow meter, (4) multiple socket 
outlet, (5) heater-cooler unit, (6) stationary hub plate containing electricity connector, gas connector, and water connectors (inlet/outlet) for 
heater-cooler unit, (7) double bottom for cable and line organization, (8) swiveling wheels, and (9) parking brake. ECMO, extracorporeal mem-
brane oxygenation.
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eliminating the likelihood of accidental ground contact due to 
uneven ground.

The movement of the stationary and ambulatory cart 
together works as intended, allowing for easy transport 
of both carts including all devices. To demonstrate the  
(de-)coupling of connectors between the stationary and 
ambulatory hub, nonfunctional 3D printed connectors were 
used. Although the positioning of both hub parts is success-
fully demonstrated, the hub system requires redesign and 
optimization to enable simultaneous mechanical (un-)locking 
of electricity, gas, and water connectors. A functional pro-
totype of the gas splitter was not produced. The risk analy-
sis indicated that a solenoid-based solution may be prone to 
errors. Therefore, a mechanically actuated switch is recom-
mended and gas supply safety must be well monitored and 
equipped with a safety alarm.

Clamps can be used to provide a neat solution for blood 
tubing management on the ambulatory cart. The same clamps 
used on the shoulder brace could be used. During testing, the 
height of the ECMO device tray was raised for better visibility 
of the device’s display during ambulation and easier placement 
of the ECMO device. Locking pins would secure the ECMO 
device in a predefined position allowing for better access to 
the ECMO device and lowering the risk of tube kinking when 
placing the device on the cart. Additionally, this will create 
space for an extra support tray or a storage drawer. Ninety 

degrees quick-couplings should be used to prevent kinking in 
the water lines of the oxygenator. The accessory holder at the 
back of the cart should be repositioned to allow easier removal 
of the oxygenator from the ECMO device. However, in case 
of device failure, oxygenator and pump can be removed and 
attached to a manual pump drive fixated to the ambulatory 
cart pole. A removable top tray was designed to facilitate extra 
working surface on the ambulatory cart, but was not included 
in this first prototype.

Patient Support

Simulated patients can easily move the ECMOve them-
selves, resulting in a solid and safe walking experience. Very 
weak patients may require steering assistance from the care-
giver by making use of the side handle. Additionally, the (de)
braking system is not implemented in this first prototype, but 
necessary to prevent unintended movement of the cart during 
ambulation.

The walking frame unlocks and extends as intended. 
However, it is challenging to align the left and right part of 
the walking frame. The walking frame should be revised and 
adjusted accordingly to solve this issue. Preliminary tests sug-
gest that in worst-case scenarios the walking frame prevents 
the patient from falling to the back, sides, and front. This 
reduces the risk of tension on the blood tubing and improves 

Figure 6. Design of patient support module providing physical patient support during walking (A) and the prototype demonstrating sitting 
support (B) for sudden events such as patient fatigue or hemodynamic instability. The patient support module comprises a (1) extendable 
walking frame surrounding the patient for safe and unobstructed walking support, (2) folding seat facilitating seated patient transport, (3) 
backrest, (4) sliding opening/closing mechanism for seat and backrest, (5) handgrips, (6) seat locking mechanism, (7) backrest locking mecha-
nism, and (8) swiveling wheels. Permission was obtained for use of this photograph for publication.
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patient safety. The seat and backrest are sturdy and ensure safe 
patient transport. Applying the seat is quick and easy, allowing 
patients to sit down immediately without a deep squat and 
be moved back to the ICU including all equipment by one 
caregiver.

The seat and backrest slide open as intended, but do not run 
smoothly due to friction. The seat and backrest could be made 
less wide to improve comfort, without compromising safety. A 

fabric-type seat would be preferred to optimize the open/close 
mechanism. The backrest does need a rigid connection to lend 
stability to the walking frame.

Limitations

Although our prototype was successfully tested on healthy 
volunteers, no formal and structured user evaluation was 

Figure 7. Product user scenario, part 1.
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conducted. Moreover, results from real debilitated patients 
are essential to confirm effectiveness in critically ill patients. 
Therefore, it is important to conduct a structured stakeholder 
analysis in the future, including patients, to validate our 
design choices. The ECMOve was developed with a focus on 
VV-ECMO patients utilizing jugular cannulation. However, 
the dual-lumen jugular technology is only part of the cannu-
lation configurations used in clinical practice. Future designs 
will be tailored to ECMO patients having other cannulation 

strategies as well. Additionally, tracheostomy ventilated 
patients were not taken into account for current prototype 
development. Moreover, current device design is based on 
patient characteristics ranging from the 5th to the 95th per-
centile. However, patients outside this range may still be eli-
gible for using the device as long as weight limits are not 
exceeded due to safety concerns. Further testing and optimi-
zation of the device aim for broader cannulation-strategy and 
patient suitability.

Figure 8. Product user scenario, part 2.
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Conclusion

We developed a modular cart-in-cart system that provides 
safety and support during both stationary and ambulatory 
ECMO. Preliminary tests in a simulated ICU environment with 
healthy volunteers yielded promising results for the suitability 
of the ECMO mobilizing device in a clinical setting. However, 
full verification and validation, including realistic testing with 
patients in a clinical environment, is still required to fully 
determine the device’s capabilities. Although further testing 
and optimization are necessary, the design and development 
of ECMOve represent an important step forward in mobilizing 
ECMO patients.
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