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[52, 133], including prosthetics for people with upper extremity limb loss [136, 140, 141]. 
This  group includes almost two million people in the United States alone [6]. In the 
design space of 3D printed AT for upper extremity limb loss, many 3D printed devices 
resemble arms, hands, or fingers [28,  140,  141]. The popularity of such technology is 
understandable  since  3D  printing  facilitates  the  creation  of  customized  assistive 
devices, which allow people with upper extremity limb loss to have AT tailored to their 
desired 
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activities  [69].  For  example,  a  number  of  custom-built  3D  printed  designs  have 
emerged to enable people with upper limb loss to easily play a musical instrument or 
ride a bike [42]. 

The popularity of this type of AT has also led to the emergence of care ecosystems 
that focus on supporting the needs of people with upper limb loss who want to use 
such devices [42, 51, 53, 73, 119]. Perhaps the most famous and widespread is e-NABLE 
and its international network of community chapters [120]. 

These  ecosystems  of  care  can  include  multiple  stakeholders:  (a)  medical 
professionals (clinicians), (b) technologists/manufacturers (makers) who can 3D print 
AT, and (c) people with an upper limb difference (recipients) who use the 3D printed 

• The impact of funding on sustained recipient participation in low-resource regions. 
To  our  knowledge,  prior  work  (as  summarized  in  Table  1)  has  not  studied  these 
ecosystem features. 

SUMMARY OF PAPER. To summarize, our study explores variants of care ecosystems 
and what stakeholders of these ecosystems believe enables them to function. Based 
on our findings,  we provide a rich overview of  the different ways care ecosystems 

ACM Trans. Access. Comput. 



operate,  the  opportunities  and  challenges  they  face,  and  offer  design 
recommendations  for  encouraging  successful  multi-stakeholder  collaboration.  Note 
that our goal was not to characterize all ecosystems that exist; we used examples of 
differences in how ecosystems function to better characterize the key features of care 
ecosystems. 

2 RELATED WORK AND BACKGROUND ON GLOBAL HEALTHCARE SYSTEMS 

Assistive Technology (AT) is defined as any piece of equipment used to maintain or 
improve the functional capabilities of individuals with disabilities [41]. Unfortunately, 
most AT is expensive and has difficulty adapting to recipients’ changing needs [23, 30]. 
As a result,  a great majority of AT is eventually abandoned [104].  In this  literature 
review, we explored the intersection of AT and fabrication. We also aimed to provide 

significantly in the clinical context [72]. Nonetheless, it was challenging to go beyond 
prototyping [71]. Regulatory and cultural issues also impacted how maker communities 
engaged in such efforts [50]. 
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Table 1: Overview of prior work. For each prior research paper, we present: Focus (which 

includes: e-Nable; Clinic 
(which includes medical makers and/or clinicians associated with a clinic or hospital); DIY Makers 
not associated with e-NABLE; and DIY Recipient-Makers (people who are both recipients and DIY 

makers)); Research Method; number of participants in the prior work study who were either 
Clinicians; Makers, or Recipients (columns C , M ', and R ' ); and the Country from which 

participants were recruited. [*] refers to this paper. † indicates that the same participant fell into 
multiple categories. 

 

 
2.2 Makers and 3D Printed Assistive Devices 

In  parallel  to the increasing numbers  of  clinicians working with 3D printed AT, the 
global rise of do-ityourself, non-medical (DIY) maker communities began to develop AT 
in  the  2010s  with  the  goal  of  bringing  down  costs  (e.g.,  [52]).  One  of  the  most 
widespread examples is the design, fabrication, and distribution of 3D-printed assistive 
hands [21, 40, 43], pioneered by the e-NABLE community1 [120]. The maker movement 

1 http://enablingthefuture.org/ 
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afforded an opportunity to disseminate low-cost solutions for healthcare and improve 
the design of health innovations through open-source collaborations [12, 52]. 

For  example,  the  e-NABLE community,  one of  the  largest  of  such  organizations, 
coordinates the design, fabrication, and distribution of 3D printed AT, primarily devices 

 

 

clinicians [48],  a structural  situation that has raised concerns about  the health and 
safety implications of the ideals driving the work of these communities [16, 38, 45, 48]. 
However, to understand this phenomena more deeply, it is also important to note that 
on the other side of  this,  makers have argued that  clinicians exaggerate  the risks 
involved with 3D printed AT in order to gatekeep their field [144, 145]. Makers in these 
cases have contended that the psychological and social benefits of gifting recipients 
3D printed AT overcomes the minor harms that the devices could inflict on recipients 
[23, 48, 146]. 

On the other hand, medical makers (i.e., clinicians who actively participate in the 
fabrication of 3D printed AT) have appeared to address the important limitations that 
traditional maker communities have encountered [48]. However,  medical makers have 
also  struggled  to  engage  and  collaborate  with  other  stakeholders  [50],  which  can 
impact the overall effectiveness and reach of the 3D printed AT that they fabricate. 

2 http://enablingthefuture.org/e-nable-community-chapters/ 
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with  other  stakeholders  to  conduct  collective  action  to  fabricate  medical  devices. 
These  sites  are  primarily  U.S.  based,  and  their  aim is  not  always  to  produce  DIY 
devices, but rather to have key players enable mass production for clinical settings. 
The research found that despite small victories, the stakeholders were hampered by a 
lack of  connections,  for  example,  with policy  makers.  Similarly,  Lakshmi  et  al.  [72] 
interviewed 13 U.S.-based medical makers to understand how during the COVID-19 
pandemic, they collaborated with other stakeholders. The research revealed that to 
facilitate  collaborations,  medical  makers  had  to  become  links  between  different 
institutions, maker communities, and wider regional industry networks. This enabled 
the production of medical devices that followed certain regulatory norms, while also 
considering particular human constraints. The work also identified several limitations 
of  makers  when  connecting  and  working  with  different  stakeholders.  We  use  the 
findings  of  these  studies  to  guide  us  in  studying  multi-stakeholder  collaborations 
around 3D printed AT. 

SUMMARY  OF  RELATED  WORK. In  summary,  prior  research  has  explored  the 
potential of 3D printed AT from multiple perspectives, but it has: 

• Primarily been limited to the U.S. context 
• Rarely included recipients 
• Rarely looked at larger care ecosystems 

To address these gaps, our research broadened the stakeholders and regions studied, 
providing a more extensive lens to view the problems these care ecosystems face. 

Given that our research aims to understand how multiple stakeholders from different 
parts of the world operate, we provide background information about the healthcare 
systems  associated  with  the  countries  represented  in  our  study  in  the  following 
section. 

2.5 Contextualizing Global Healthcare Systems 

Although global healthcare systems are not easily summarized due to their variety and 
the different factors involved [121], we now provide a brief overview of some of the 
differences and similarities of the healthcare systems in the countries we studied.  This 
will help contextualize our results. 

UNITED  STATES. The  United  States  spends  around  18% of  its  GDP  on  its  health 
system, the largest percentage among all countries in the world [35].  Nevertheless, 
almost 28 million people in the U.S. have declared a lack of coverage for their medical 
expenses. The domestic healthcare system ranks 37 out of 191 countries, according to 
its  performance  [11,  142]  (usually  measured  in  terms  of  life  expectancy,  infant 
mortality, healthcare inequality, and other healthcare measures [7, 78]). While the U.S. 
healthcare system offers advanced technologies and is known to excel in the doctor-
patient relationship [29], the healthcare model works primarily as a for-profit operation 
with limited access, large variations in equity based on income, and poor affordability 
for the average person [29]. 

Medical insurance is a critical element in access to healthcare services. Of note, 34% 
of patients in the United States are covered by private insurance while 37% enroll in 
national health insurance programs, such as Medicare or Medicaid to cover healthcare 
costs [35]. Finally, the U.S. healthcare system is highly regulated [107], and malpractice 
litigation  is  a  perennial  concern.  Thus,  various  financial  and  legal  concerns  make 
collaboration between clinicians and amateurs extremely difficult [48]. 

ACM Trans. Access. Comput. 



 

 

 

While a much-anticipated universal health insurance is planned for India,  it has yet 
come  to  fruition  [13,  65].  In  India,  relatively  high  out-of-pocket  costs  may  drive 
recipients to consider nonclinical solutions. 

FRANCE. France has  historically  been known for  its  universal  healthcare  system, 
Protection Universelle Maladie (PUMA) [108]. While the standard of care is very high, 
depending upon the factors used to assess success, French healthcare rankings vary 
greatly due to poor economic equity, geographic disparities, and poor administrative 
efficiency [26]. A Commonwealth fund report [29, 117] ranked French healthcare below 
many European countries, but not as low as the U.S. Healthcare delivery in France is 
usually  a  hybrid  or  mix  of  public/private  approaches  to  give  people  access  to 
healthcare. Many people use the public healthcare provided by the government yet 
also have additional private insurance, called Mutuelle , to cover specialized problems 
not included in public healthcare (including interventions with 3D printed AT). In fact, 
90% of French citizens are covered by some form of this hybrid public-private health 
system [115]. Usually, insurance is offered through employers or bought on the private 
market. In 2007, France’s total expenditure for healthcare reached 11% of the GDP 
with a minimal out-of-pocket cost due to the public/private hybrid system covering 
most expenses [26]. There has been limited research on healthcare decision-making by 
French individuals because a very small part of household spending has historically 
been committed to out-of-pocket expenses [115]. However, the high percentage of GDP 
for healthcare costs and recent routine economic instabilities have caused real fiscal 
anxiety for the French government concerning their healthcare system. 
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purpose, we held interviews in Spanish (three authors are native Spanish speakers) or 
English when appropriate. Our team did not include a Hindi speaker. However, Indian 
participants were all fluent in English. We also first checked with members from each 
population on the appropriateness of our questions. 

Table 2: Example of some of our ecosystem focused interview questions 

Question Type Example Questions 

Ecosystem Interactions Could you describe your interactions with makers? with recipients? with 
doctors/nurses/therapists? What are some of the challenges you encounter 
when connecting with them? How do you interact with them? (email, 
phone, video conference, etc)? What type of things do you do with them? 
Describe the interactions that you considered to be useful. Describe the 
interactions that you wished had been different. 

Ecosystem Culture What are some of the values around 3D printed AT that you believe 
resonate the most with makers? with recipients? and 
doctors/nurses/therapists? Who are some of their role models? Why? 

Ecosystem Work Dynamics Is there a structured process for working together with makers, 
doctors/nurses/therapists, and recipients? (Please Describe.) Give me an 
example of a time when you worked well as a team with makers, doctors/
nurses/therapists, and recipients. Tell me about a time when you found 
challenges collaborating as a team with recipients, other makers,  and  
doctors/nurses/therapists. How do you stay organized when working with 
makers, recipients, and doctors/nurses/therapists?  

3.2 Recruitment and Participants 

Participant  recruitment  was  done  separately  from  our  direct  engagement  with  e-
NABLE;  it  was  primarily  led  by  students  unknown  to  the  stakeholders  being 
interviewed.  This  helped to  ensure  that  interviewees saw their  participation  in  the 
study as voluntary. Recruitment began with emails to individuals who had agreed to 
be contacted (such as e-NABLE recipients who had consented to follow-up research) or 
individuals who were introduced to the authors by members of the organizations with 
whom we worked.  We also searched for  participants  using  social  media and news 
reports, as well as a snowball sampling to invite more individuals. 

Details about our 31 participants can be found in  Table 3. Participants included 16 
recipients (R1-R16) - the majority from the U.S. and Mexico - but we also had one from 
Chile, nine makers (M1-M9) from the U.S., Brazil, France and India, and six clinicians 
(C1-C6) from Mexico, India,  U.S., and Costa Rica. While the recipients in our study 
primarily received devices that function like hands , we consider our study to be about 
upper extremities because makers and clinicians also work with recipients to address 
other  customized needs.  The recipients  themselves also  learned broadly  about  3D 
printed AT. 
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countries. All stakeholders are represented in at least one corporate and multiple NGO 
contexts.  Table 3 provides more details on the participants. The makers in our study 
volunteered  for  e-NABLE or  worked  at  companies,  governments,  or  hospitals.  The 
clinicians also worked in hospitals, governments, and university settings; several were 
associated with e-NABLE in some way. Of note, some clinicians also selfidentified as 
makers. Some recipients manufactured their hands themselves and self-identified as 
makers. 
Most recipients obtained their hands from e-NABLE chapters, hospitals, or companies. 

 



combination of bottom-up theme extraction and topdown themes derived from related 
work [48, 73, 100]. As a group, three of the authors first independently coded the data 
bottom-up and together developed a set of eighteen axial codes that were applied top-
down  to  the  entire  interview  transcripts.  Our  analysis  showed  strong  inter-coder 
agreement on the axial codes (Cohen’s Kappa coefficient (k) = 0.765). Disagreements 
were discussed during the writing and synthesis process. From the eighteen top down 
axial codes, we developed five themes that organized the main insights from our semi-
structured interview transcripts. We have summarized each theme: 

Collaboration  approaches: this  theme  includes  the  collaboration  approaches  that 
ecosystems  have  adopted  and  the  challenges  faced,  such  as:  (a)  limited  maker 
collaborations with clinicians, and (b) how interactions between the members of the 
ecosystem impact care. 

Structural  support: this  theme includes the resources that  people have adopted in 
their ecosystem to provide care. 

Identity:  this  theme  examines  how  the  identity  people  adopt  relates  to  care 
experiences  with  3D  printed  assistive  devices  and  shapes  dynamics  within  the 
ecosystem; e.g., recipients who also identified as makers, as well as clinicians who 
self-identified as makers. 

User perspectives and experiences: this theme examines the perspectives and 
experiences that recipients had with their devices and how other actors dealt with 
recipients’ concerns and feedback. 

Maker culture: this theme examines how the maker culture influences participants’ work 
dynamics. 

Table 3: Overview of the characteristics of our participants 

ID Role Location Details Participant Gender 

R1 Recipient & Maker U.S. Hand from e-NABLE Male 

R2 Recipient U.S. Hand from e-NABLE Female 

R3 Recipient & Maker U.S. Hand from e-NABLE Non-Binary 

R4 Recipient Mexico Hand from e-NABLE Female 

R5 Recipient Mexico Hand from hospital Female 

R6 Recipient Mexico Hand from hospital Male 

R7 Recipient Mexico Hand from hospital Male 

R8 Recipient Mexico Hand from e-NABLE Female 

R9 Recipient & Maker Mexico Hand from e-NABLE Female 
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[101]). Our interviews highlighted the range of challenges that follow-up must address, 
such as fixing broken assistive devices, adjusting the device to better fit the recipient, 
or even providing recipients with physical therapy that helps them to better use their 
devices. Ecosystem processes strongly impacted abandonment. Some participants had 
lengthy and detailed processes for providing follow-up. In contrast, for others, it was 
completely  missing  from their  ecosystem,  and they did not  seem to know how to 
implement these care activities. Participants M1, M2, M4, M5, M6, R4, R5, R6, R7, R8, 
R9,  R10,  R11,  R13,  R14,  R15,  R16,  C1,  C2,  C4,  C5,  and  C6  reported  being  in 
ecosystems, where follow-up was provided to recipients, while M3, M7, M8, M9, C3, R1, 
R2, R3, and R12 reported being in ecosystems where follow-up was rare. In situations 
where follow-up was lacking, the recipient experience was negatively impacted. For 
example,  R1,  R2,  and R12,  all  came from ecosystems with  limited  maker-clinician 
interactions and no follow-up. They all reported that the original 3D printed assistive 
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device they had received from their ecosystem was unusable, likely because the lack 
of follow-up meant that their devices were never improved or better tailored to them. 
For example: 

. . .its been a year since the first inception of receiving the hand [3D printed AT] and its kind of 

been just sitting in her box not doing anything . . . [the device] doesnt feel good, doesnt work  

well…, R2, USA. 

specialized  knowledge  to  provide  follow-up  and  ensure  quality  experiences  for 
recipients. Participants M1, M2, M4, M5, M6, R4, R5, R6, R7, R8, R9, R10, R11, R13, 
R14, R15, R16, C1, C2, C4, C5, and C6 expressed that within their ecosystems, all  
three  stakeholders  had  sustained  interactions  with  each  other,  helping  to  provide 
follow-up and appropriate AT design for recipients. The following maker from e-NABLE, 
M5, shared how in his ecosystem, makers, clinicians, and recipients worked together to 
deliver quality care and follow-up: 

... the engineer [maker] is responsible for the design work and the modifications that need to be done on 

the printers and the design software. But the prosthetic technician [medical maker] gives him [the maker] ideas on how 

he can edit the designs [. . . ] we have another occupational therapist [clinician] who lives in New Delhi, who guides the 

doctor [clinician] on all the training [the training here refers to the follow-up training that is given to the 
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recipient to help the recipient learn how to use the 3D printed device], on like what kind of trainings he [the doctor] 

should be giving [. . . ] We also ask the beneficiaries [recipients] for ideas just like how we asked 

[recipient] what works better..., M5, India. 

Another benefit we observed of maker/clinician collaborations was having follow-up 
that quantified how assistive devices were used by their recipients. For instance, M6, a 
maker who developed 3D printed AT within a private company, worked closely with a 

of the challenges associated with providing/using the devices themselves. 

4.2.1 FROM CLINICIAN TO MEDICAL MAKER. 

In the ecosystems where clinicians actively collaborated with makers, the clinicians 
tended to  take a  more  active  role  in  the  fabrication  process,  with  some of  these 
clinicians transitioning to the role of being medical makers (i.e., clinicians who are also 
makers [74]): 

...we have a prosthetic technician. So, he [a medical maker] assesses the hands and he modifies the 
hands [3D printed 

AT]. He tells us what tools to use and when we have a challenging beneficiary [a recipient with a medical condition 

which requires a new or adapted AT design], he gives us ideas on how we can modify the 

design ..., C2, India. 

ACM Trans. Access. Comput. 



 
Figure 3: Example of device adaptation made by one of our recipients, who also identified as a 

maker 
This notion of identifying with the growth mindset and hence seeing their devices as 

something to be improved over time lead some recipients to decide to directly address 
the challenges of follow-up by taking part in maker activities. These activities were a 
way through which recipients could take direct action to fix and improve their devices 
themselves.  Recipients  R3,  R7,  R10,  R13,  R14,  R15,  and  R16  also  shared  that 
identifying with the maker culture helped them view their disability and the related 
care they sought, as something that could be improved over time. The growth mindset 
of the maker culture helped the recipients view the activities they could do with their 
limbs as something to be improved over time. Identifying with the growth mindset also 
helped these recipients value their therapies more, as shared by R10: 
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psychologically deal with limb loss , how to do by themselves certain activities , which 
3D printed material was best for specific devices , or even how to get better medical 
insurance that would cover the costs associated with their 3D printed devices : 

. . .We [group of recipients] show up and just share how we do things with our hands [3D printed assistive 

devices]. One same activity is done differently by each person . . .Its about learning together new 

ways to live, new ways to live with our new hands [3D printed AT].. . . , R7, Mexico. 

. . . part of my goal [on an online forum from his ecosystem] is having open discussions about 

whats working, for each of us, and whats not working. How did you get the insurance company to 

pay [i.e., cover the costs of a private company fabricating the device and providing follow-up]?..., R16, USA. 

These  knowledge-sharing  activities  took  place  primarily  within  online  forums  or 
physical meetups (e.g., convention centers or casual in-person reunions). Recipients 
shared that they were invited through their ecosystems to join these social gatherings. 
The social gatherings also helped for emotional support: 

I see people…[recipients in the social gatherings of his ecosystem]...who say: I have to go to 

surgery tomorrow! and Im like, Just take what Im saying and put in your heart and keep it 

there, youre going to be okay and you will adapt and youre going to be a better person. . . ,  

R14, USA. 
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collaborations can help avoid uncertainties between the different stakeholders long 
term  [55].  Therefore,  the  integration  of  formal  agreements  likely  facilitates  the 
sustained participation of all  stakeholders and helps to ensure follow-up with input 
from makers, recipients, and clinicians. Our interviewees discussed how these formal 
agreements took the form of insurance policies (R11, R13, R14, R15, R16, M1, M6, and 
C4) or officially signed documents (R4, R5, R6, R7, R8, R9, R10, M2, M4, M5, C1, C2,  
C5, and C6). C6 shared how his ecosystem had an official agreement between local 
government hospitals and universities (which had e-NABLE chapters). The agreement 
detailed how the different stakeholders would interact to produce 3D printed assistive 
devices and provide quality experiences to recipients: 

.  .  .we had to  go to  the doctor who is  the director  of  [government  clinics  in a region of  

Mexico] . . . [This doctor] signed off on the project, and he was going to be responsible for overseeing that the 

devices did not have any side effects on patients . . .we also had to get professors [from universities with e-NABLE  

chapters] to sign off that they would help with the 3D printing.. . . , C6, Mexico. 

Similarly,  M2,  who  came  from  an  ecosystem  with  follow-up  and  sustained 
participation from all stakeholders, reported that in his ecosystem, the makers did not 
produce  devices  if  they  did  not  first  receive  a  signed  and  certified  letter  from 
clinicians, detailing their agreement to help recipients, as well as showcase proof of 
the required abilities and knowledge to support recipients: 
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and give  [recipients] a meal so that they come to us. So that motivates [recipients] to come. . . , C2, India. 

Funding to support  participation was missing from those ecosystems that lacked 
follow-up; however, not all of the ecosystems with follow-up implemented monetary 
payments. This was particularly true for our interviewees from Brazil, who were able to 
secure resources to cover participation costs. But these resources were not directly 
translated into monetary compensations, as they felt it could demotivate participation. 
Therefore, this ecosystem made a point of not giving anyone monetary payments: 

. . .One of the basis of the work is that all volunteers, even the doctors, need to do the work 

free of charge [...] the best way to get people to stop doing what they like is paying them to do it. Imagine you 

like to paint and you do it for free, because you like it. So, I start paying you one dollar for each painting; with time,  

you will think that your work is not being valued and you will want to receive more for it. So when we come to  

volunteer work, the idea is to engage the  volunteer in other ways that dont involve money.. . . , M2, 

Brazil. 

It was interesting to observe that this particular ecosystem avoided, in general, any 
type of monetary transaction. The resources they donated were supplies and materials 
to fabricate the assistive devices: 

. . .We avoid using money in every part of the process [...] we also do not accept donations in 

money. Only donations of raw material and equipment used to create the devices.. . . , M2, Brazil. 
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and supports the value of this safety net will depend in part on sustained interaction 
and accommodation among institutional and non-institutional stakeholders.  This study 
suggests that an ecosystemic perspective will help ensure that people get the best 
possible  care when institutional  solutions  are available  and when systemic failures 
occur. 

5.1 Integrating Formal Collaboration in the Maker Culture 

Formal  collaborations  are  common  in  clinical  settings;  it  is  usually  expected  that 
clinicians will work with finished and well-tested care products [18, 110]. Within formal 
settings, usability, safety, and the functionality of care products is typically preferred 
over novelty [34, 62]. Makers, on the other hand, usually value rapid and novel device 
production over more limited, but safer, designs [50]. This attitude can cause serious 
conflict between clinicians and makers. 

For example, one study reported about violent language and emerging threats when 
a  maker  community  was  questioned  about  the  safety  of  the  personal  protective 
equipment  they were  fabricating  during  the  onset  of  the  COVID-19 pandemic  [50]. 
Conflict may also arise because the maker culture pushes heavily for collaborations to 
be  part  of  a  casual  affair,  where  work  and  leisure  are  intermixed  and  not  easily 
distinguishable  [82].  However,  our interviews highlighted how the ecosystems most 
effective at providing care had formal collaborations in place with expectations about 
training, deliverables, and nonmaking activities. 

Another  difficulty  that  emerges  from  formal  collaborations  centers  around  the 
assessment of outcomes (e.g., quality metrics [84]). It is expected that low-quality work 
will be rejected. However, within the maker culture, this may clash with the idea that 
making should be an activity that people do out of their own passions and interests. 

ACM Trans. Access. Comput. 



creative amateur movement, such as e-NABLE, it can help to think about what may be 
lost with greater formality. Recent work focused on COVID found that some makers 
choose to go their own way when confronted with safety guidelines [50]. Future work 



will benefit from hybrid approaches for compensating and ensuring the participation of 
all stakeholders. 

5.3 Tools for Sustained Follow-up and Multiple Stakeholder Participation 

Our findings emphasize the importance of including all stakeholders in the process of 
providing care.  This  is  fitting given that  AT provision and follow-up requires mixed 
expertise  [126];  clinicians  are  needed to  ensure  that  the  follow-up does not  cause 
medical  harm to  recipients  and  foresee  that  the  activity  helps  recipients  in  their 
rehabilitation [15,  48,  75,  83].  Recipients  also  need to be included to provide direct 
feedback and suggestions on the therapy and device modifications that take place 
during the follow-up 
[92,  100]. Similarly, makers' expertise is needed to facilitate device modifications [1, 
135]. 

In other words, sustained participation of all stakeholders is important to ensure the 
production of quality AT and implement follow-up [53,  57]. Toolkits for fabricating 3D 
printed  AT  should,  therefore,  aim  to  integrate  guidelines  and  computational 
mechanisms  to  motivate  stakeholders  to  engage  with  each  other.  Having  more 
continuous  interactions  among  stakeholders  will  facilitate  follow-up  and  improve 
outcomes. Existing toolkits (such as e-NABLE webcentral3, or Latin American efforts4 ) 
might be a basis for this, but we argue that they should also integrate mechanisms to 
facilitate  collaboration  and  the  discussion  of  factors  that  impact  all  aspects  of  a 
device’s lifecycle, including safety, fit, design aesthetics, and follow-up. 

The best approach is  yet  to  be determined,  but  possibilities include:  a  forum,  a 
ticketing system for recipients to report concerns, digital badges, a mini-course on how 
to include and work with other stakeholders in the fabrication of 3D printed AT, and 
even gamification. (It is important to note that some of these solutions, especially the 
ticketing system, and badges, have recently been implemented by eNABLE as a result 
of this research.) Such a tool could also facilitate compensation in multiple forms – 
tracking  of  donated  time  and  materials,  the  transfer  of  funds  to  recipients  to 
encourage them to return for follow-up services, and so on. We also believe there is 
value in designing a recipient role into such a toolkit. This could guide recipients not 
only on how to best use their new devices, but also how to connect with the other 
stakeholders in their care ecosystem, as well as other recipients for support and idea 
sharing.  Such a  toolkit  could  provide  guidance  on  the  type  of  feedback  recipients 
should provide to clinicians and makers to help them provide quality care in the best 
way possible. There is likely value in integrating mechanisms in these toolkits to help 
recipients learn about fabrication. (In our interviews, we saw how recipients who self-
identified as makers used their devices longer term and were overall more satisfied). 

5.4 Storehouse for Cross-Ecosystem Collaborations 

Given  the  variety  of  ecosystem  structures  observed,  there  is  value  in  helping 
stakeholders learn what other ecosystems are doing in combining making with medical 
practices  to  improve the  recipient  experience.  The problem is  that  state-of-the-art 
tools [23, 27, 113] currently do not facilitate collaboration across ecosystems, let alone 
the collaboration of clinicians, makers, and recipients across countries. For example, 

3 https://www.enablewebcentral.com/ 
4 https://limbs.earth/ 
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recommendations. (See the new eNABLE device catalog5.) 

https://hub.e-nable.org/p/devices


created  formal  collaborations  around  stakeholder  involvement,  provided 
compensations to cover participation costs when needed, and had clinical involvement 
in the ecosystem. We discussed how ecosystem goals can conflict  with the maker 
culture  driving  3D printed  AT.  However,  we presented  pathways  to  address  these 
conflicts and challenges. Our paper ends by discussing design implications from our 
findings to create tools that support multi-stakeholder care ecosystems. 

ACKNOWLEDGMENTS 

Special  thanks to all  the anonymous reviewers who helped us to strengthen the paper.  A huge thanks to all  of our  
participants, especially he global e-NABLE community who have been a key ally for conducting this research. This work  
was partially supported by NSF grant FW-HTF-19541. 

REFERENCES 
[1] Leila Aflatoony and Su Jin (Susan) Lee. 2020. AT Makers: A Multidisciplinary Approach to Co-Designing Assistive Technologies by CoOptimizing  

Expert Knowledge. In Proceedings of the 16th Participatory Design Conference 2020-Participation (s) Otherwise-Volume 2. 128–132. 

[2] Leila Aflatoony and Shreya Shenai. 2021. Unpacking the Challenges and Future of Assistive Technology Adaptation by Occupational Therapists. In  
CHItaly 2021: 14th Biannual Conference of the Italian SIGCHI Chapter. 1–8. 

[3] Ximena  Aguilera,  Carla  Castillo-Laborde,  Manuel  Nájera-De  Ferrari,  Iris  Delgado,  and  Ciro  Ibañez.  2014.  Full  Case  Study:  Monitoring  and  
evaluating progress towards Universal Health Coverage in Chile. PLOS Medicine. 

[4] ST Akinyele. 2010. Performance appraisal systems in private universities in Nigeria: A study of Crawford University, Igbesa-Nigeria. Global Journal  
of Management and Business Research 10, 6 (2010). 

[5] Rahaf Alharbi, Ada Ng, Rawan Alharbi, and Josiah Hester. 2020. " I Am Not an Engineer": Understanding How Clinicians Design & Alter Assistive  
Technology. In Extended Abstracts of the 2020 CHI Conference on Human Factors in Computing Systems. 1–8. 

[6] AmputeeCoalition. 2020. Limb Loss Statistics - Amputee Coalition. https://bit.ly/3sLcC22 

[7] Gerard Anderson and Peter Sotir Hussey. 2001. Comparing health system performance in OECD countries. Health Affairs 20, 3 (2001), 219–232. 

[8] Mirja Anderssoni and Stewart Makkonen-Craigi. 2017. Sustainable values in future engineering education. of publication (2017), 108. 

[9] Hiroo Aoyama and Leila Aflatoony. 2020. Occupational Therapy Meets Design: An Augmented Reality Tool for Assistive Home Modifications. In 
the 32nd Australian Conference on Human-Computer Interaction. 426–436. 

[10] Olivia Arena and Crystal Li. 2018. Guide to Civic Tech and Data Ecosystem Mapping. Washington, DC: Urban Institute (2018). 

[11] Stephanie Armour. 2019. Number of Uninsured Americans Rises for First Time in Decade. https://on.wsj.com/3sIdmF9 

[12] Jonathan Awori and Joyce M Lee. 2017. A maker movement for health: a new paradigm for health innovation. JAMA pediatrics 171, 2 (2017), 107–  
108. 

[13] Yarlini Balarajan, Selvaraj Selvaraj, and SV Subramanian. 2011. Health care and equity in India. The Lancet 377, 9764 (2011), 505–515. 

[14] Dennis F Bandyk, Michael L Novotney, Martin R Back, Brad L Johnson, and Dale C Schmacht. 2001. Expanded application of in situ replacement  
for prosthetic graft infection. Journal of vascular surgery 34, 3 (2001), 411–420. 

[15] Jay M Baruch. 2017. Doctors as makers. Academic Medicine 92, 1 (2017), 40–44. 

[16] James M Beck and Matthew D Jacobson. 2017. 3D printing: what could happen to products liability when users (and everyone else in between)  
become manufacturers. Minn. JL Sci. & Tech. 18 (2017), 143. 

[17] Cynthia L Bennett, Keting Cen, Katherine M Steele, and Daniela K Rosner. 2016. An intimate laboratory? Prostheses as a tool for experimenting  
with identity and normalcy. In Proceedings of the 2016 CHI Conference on Human Factors in Computing Systems. 1745–1756. 

[18] William Bergquist. 2006. Collaboration for Survival and Success: Organizational Coaching Strategies to Meet Unique Opportunities and Challenges.  
(2006). 

[19] Edison  Bicudo,  Alex  Faulkner,  and  Phoebe  Li.  2021.  Digital  readiness  in  3D bioprinting:  software,  governance  and  hospitals’  proto-clinical 

interfaces. Regenerative Medicine 16, 03 (2021), 237–252. 

[20] Elaine Biddiss  and Tom Chau. 2007. Upper-limb prosthetics:  critical  factors  in device abandonment.  American journal  of physical  medicine & 
rehabilitation 86, 12 (2007), 977–987. 

[21] Open Bionics. 2017. Open Bionics - turning disabilities into superpowers. https://openbionics.com/. 

[22] Elizabeth G Bishop and Simon J Leigh. 2020. Using large-scale additive manufacturing as a bridge manufacturing process in response to shortages in 
personal protective equipment during the COVID-19 outbreak. International Journal of Bioprinting 6, 4 (2020). 

[23] Erin Buehler, et al. 2015. Sharing is caring: Assistive technology designs on thingiverse. In Proceedings of the 33rd Annual ACM Conference on  
Human Factors in Computing Systems. 525–534. 

[24] Luis M Camarinha-Matos, João Rosas, Ana Inês Oliveira, and Filipa Ferrada. 2012. A collaborative services ecosystem for ambient assisted living. In 
Working Conference on Virtual Enterprises. Springer, 117–127. 

[25] Leah Campbell, Adriel Lau, Brittany Pousett, Ernie Janzen, and Silvia U Raschke. 2018. How infill percentage affects the ultimate strength of a  
3Dprinted transtibial socket. Canadian Prosthetics & Orthotics Journal 1, 2 (2018). 

[26] Karine Chevreul, Isabelle Durand-Zaleski, Stéphane Bahrami, Cristina Hernández-Quevedo, Philipa Mladovsky, et al. 2010. France: Health system 
review. (2010). 

ACM Trans. Access. Comput. 

https://bit.ly/3sLcC22
https://openbionics.com/
https://on.wsj.com/3sIdmF9
https://bit.ly/3sLcC22
https://openbionics.com/
https://openbionics.com/
https://on.wsj.com/3sIdmF9


[27]  
 

[28]  
 

[29]  

[30]  

[31]  

[32]

[33]  

[34]

[35]

[36]  

[37]

[38]  

[39]

[40]

[41]

[42]

[43]  
clinic: merging education and research to efficiently prototype medical devices. IEEE journal of translational engineering in health and medicine 1 
(2013), 4700107–4700107. 

[44] Christina N Harrington,  Katya Borgos-Rodriguez,  and Anne Marie  Piper.  2019. Engaging low-income African American older adults  in health  
discussions through community-based design workshops. In Proceedings of the 2019 chi conference on human factors in computing systems. 1–15. 

[45] Karriem Hassan. 2020. Three-Dimensional Printed Hysteria. 3D Printing and Additive Manufacturing 7, 2 (2020), 45–47. 

[46] Peregrine  Hawthorn  and  Daniel  Ashbrook.  2017.  Cyborg  Pride:  Self-Design  in  e-NABLE.  In  Proceedings  of  the  19th  International  ACM  
SIGACCESS Conference on Computers and Accessibility. ACM, 422–426. 

[47] Jon C Helton, Jay Dean Johnson, Cedric J Sallaberry, and Curt B Storlie. 2006. Survey of sampling-based methods for uncertainty and sensitivity 
analysis. Reliability Engineering & System Safety 91, 10-11 (2006), 1175–1209. 

[48] Megan Hofmann, Julie Burke, Jon Pearlman, Goeran Fiedler, Andrea Hess, Jon Schull, Scott E Hudson, and Jennifer Mankoff. 2016. Clinical and 
maker  perspectives  on the  design  of  assistive  technology  with  rapid  prototyping  technologies.  In  Proceedings  of  the  18th  international  ACM  
SIGACCESS conference on computers and accessibility. 251–256.  

[49] Megan Hofmann, Jeffrey Harris, Scott E Hudson, and Jennifer Mankoff. 2016. Helping hands: Requirements for a prototyping methodology for  
upper-limb prosthetics users. In Proceedings of the 2016 CHI conference on human factors in computing systems. 1769–1780. 

[50] Megan Hofmann, Udaya Lakshmi, Kelly Mack, Scott E Hudson, Rosa I Arriaga, and Jennifer Mankoff. 2021. The Right to Help and the Right Help:  
Fostering and Regulating Collective Action in a Medical Making Reaction to COVID-19. In Proceedings of the 2021 CHI Conference on Human 
Factors in Computing Systems. 1–13.  

[51] Megan Hofmann, Kristin Williams, Toni Kaplan, Stephanie Valencia, Gabriella Hann, Scott E Hudson, Jennifer Mankoff, and Patrick Carrington.  
2019. "Occupational Therapy is Making": Clinical Rapid Prototyping and Digital Fabrication. In Proceedings of the 2019 CHI Conference on Human 
Factors in Computing Systems. ACM, 314. 

[52] Megan Kelly Hofmann. 2015. Making connections: modular 3D printing for designing assistive Attachments to prosthetic devices. In Proceedings of 
the 17th International ACM SIGACCESS Conference on Computers & Accessibility. 353–354.  

[53] Jonathan  Hook,  Sanne Verbaan,  Abigail  Durrant,  Patrick  Olivier,  and Peter  Wright.  2014.  A study  of  the challenges  related  to  DIY assistive  
technology in the context of children with disabilities. In Proceedings of the 2014 conference on Designing interactive systems. ACM, 597–606.  

[54] John F Hornick. 2015. 3D Printing and Public Policy. Intellectual Property (2015).  

[55] Jay  Horwitz.  2010.  The  Performance  of  Formal  Collaborations:  Uncertainty  and  Coordination  Tradeoffs.  In  Atlanta  Competitive  Advantage  
Conference. 

[56] Nathaniel Hudson, Celena Alcock, and Parmit K Chilana. 2016. Understanding newcomers to 3D printing: Motivations, workflows, and barriers of  
casual makers. In Proceedings of the 2016 CHI Conference on Human Factors in Computing Systems. 384–396. 

[57] Amy Hurst  and  Jasmine  Tobias.  2011.  Empowering  individuals  with  do-it-yourself  assistive  technology.  In  The  proceedings  of  the  Thirteen  
international ACM SIGACCESS conference on Computers and accessibility. ACM, 11–18.  

[58] Dew, Kristin N., and Daniela K. Rosner. "Designing with waste: A situated inquiry into the material excess of making." In Proceedings of the 2019  
on Designing Interactive Systems Conference, pp. 1307-1319. 2019. 

[59] Andrew Jackson. 2014. Makers: the new industrial revolution.  

[60] Arnav Jagasia. [n.d.]. Healthcare in India: The Challenge of Demography.  

ACM Trans. Access. Comput. 



[61]  

[62]  

[63]  
 

[64]  

[65]  

[66]  
 

[67]  

[68]  

[69]  
 

[70]  

[71]  

[72]  
 

[73]  
 

2019. ACM. 

[74] Udaya Lakshmi, Megan Hofmann, Stephanie Valencia, Lauren Wilcox, Jennifer Mankoff, and Rosa I Arriaga. 2019. "Point-of-Care Manufacturing"  
Maker Perspectives on Digital Fabrication in Medical Practice. Proceedings of the ACM on Human-Computer Interaction 3, CSCW (2019), 1–23. 

[75] Udaya Lakshmi, Megan Hofmann, Stephanie Valencia, Lauren Wilcox, Jennifer Mankoff, and Rosa I. Arriaga. 2019. ‘Point-of-Care Manufacturing’:  

Maker Perspectives on Digital Fabrication in Medical Practice. Proc. ACM Hum. Comput. Interact. 3, CSCW (2019), 91:1–91:23. 

[76] Eneko Larrañeta, Juan Dominguez-Robles, and Dimitrios A Lamprou. 2020. Additive manufacturing can assist in the fight against COVID-19 and  
other pandemics and impact on the global supply chain. 3D Printing and Additive Manufacturing 7, 3 (2020), 100–103. 

[77] Keld Laursen and Ammon J Salter. 2014. The paradox of openness: Appropriability, external search and collaboration. Research policy 43, 5 (2014),  
867–878. 

[78] Thomas A LaVeist, Darrell Gaskin, and Patrick Richard. 2011. Estimating the economic burden of racial health inequalities in the United States.  
International Journal of Health Services 41, 2 (2011), 231–238. 

[79] Amanda Lazar, Jessica L Feuston, Caroline Edasis, and Anne Marie Piper. 2018. Making as expression: Informing design with people with complex  
communication needs through art therapy. In Proceedings of the 2018 CHI Conference on Human Factors in Computing Systems. 1–16. 

[80] Guilherme Arthur Longhitano and Jorge Vicente Lopes da Silva.  2021. COVID-19 and the worldwide actions to mitigate  its  effects  using 3D  
printing. 

[81] Jorge Vicente Lopes da Silva. 2013. 3D technologies and the new digital ecosystem: a Brazilian experience. In Proceedings of the Fifth International  
Conference on Management of Emergent Digital EcoSystems. 278–284. 

[82] Susan Luckman. 2013. The aura of the analogue in a digital age: Women’s crafts,  creative markets  and home-based labour after Etsy. Cultural  

Studies Review 19, 1 (2013), 249–70. 

[83] Jon Luongo and Deborah B Vilas. 2017. Medical Makers: Therapeutic Play Using “Loose Parts”. In the Handbook of Medical Play Therapy and  

Child Life. Routledge, 299–313. 

[84] Charles Lusthaus. 2002. Organizational assessment: A framework for improving performance. IDRC. 

[85] Kelly Mack, Megan Hofmann, Udaya Lakshmi, Jerry Cao, Nayha Auradkar, Rosa I Arriaga, Scott E Hudson, and Jennifer Mankoff. 2021. Rapid  
Convergence: The Outcomes of Making PPE during a Healthcare Crisis. arXiv preprint arXiv:2101.07853 (2021).  

[86] Albert  Manero,  Peter  Smith,  John  Sparkman,  Matt  Dombrowski,  Dominique  Courbin,  Anna  Kester,  Isaac  Womack,  and  Albert  Chi.  2019. 
Implementation of 3D printing technology in the field of prosthetics: past, present, and future. International journal of environmental research and 
public health 16, 9 (2019), 1641. 

[87] Konstantinos Manikas and Klaus Marius Hansen. 2013. Software ecosystems–A systematic literature review. Journal of Systems and Software 86, 5  
(2013), 1294–1306.  

[88] Jennifer Mankoff, Gillian R Hayes, and Devva Kasnitz. 2010. Disability studies as a source of critical inquiry for the field of assistive technology. In  
Proceedings of the 12th international ACM SIGACCESS conference on Computers and accessibility. 3–10.  

[89] Samuel Marcos-Pablos and Francisco José García-Peñalvo. 2019. Technological ecosystems in care and assistance: a systematic literature review. 
Sensors 19, 3 (2019), 708. 

ACM Trans. Access. Comput. 



 

 
 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ACM Trans. Access. Comput. 



[125] Shubham Singhal and Stephanie Carlton. 2019. The era of exponential improvement in healthcare. McKinsey & Company (2019).  

[126] Emma M Smith, Rosemary Joan Gowran, Hasheem Mannan, Brian Donnelly, Liliana Alvarez, Diane Bell, Silvana Contepomi, Liezel Ennion,  
EvertJan Hoogerwerf, Tracey Howe, et al. 2018. Enabling appropriate personnel skill-mix for progressive realization of equitable access to assistive  
technology. Disability and Rehabilitation: Assistive Technology 13, 5 (2018), 445–453.  

[127] Roger O Smith,  Marcia J Scherer, Rory Cooper, Diane Bell, David A Hobbs, Cecilia Pettersson,  Nicky Seymour, Johan Borg, Michelle J  
Johnson, Joseph P Lane, et al. 2018. Assistive technology products: a position paper from the first global research, innovation, and education on  
assistive technology (GREAT) summit. Disability and Rehabilitation: Assistive Technology 13, 5 (2018), 473–485. 

[128] Kirk St. Amant. 2019. The cultural context for communicating care. 

[129] Hartmut Stahl. 2013. 3D Printing–Risks and opportunities. Institute for Applied Ecology 23 (2013). 

[130] Arthur A Stukas, Russell Hoye, Matthew Nicholson, Kevin M Brown, and Laura Aisbett. 2016. Motivations to volunteer and their associations  
with volunteers’ well-being. Nonprofit and Voluntary Sector Quarterly 45, 1 (2016), 112–132.  

[131] Silvia Tamez González y Catalina Eibenschutz. 2008. El seguro popular de salud en México: pieza clave de la inequidad en salud. Revista de  
Salud Pública 10 (2008), 133–145.  

[132] Soraia  Teles,  Diotima  Bertel,  Andrea  Ch  Kofler,  Stefan  H  Ruscher,  and  Constança  Paúl.  2017.  A  Multi-perspective  View  on  AAL  
Stakeholders’ 
NeedsA  User-centered  Requirement  Analysis  for  the  Active  Advice  European  Project.  In  International  Conference  on  Information  and 
Communication Technologies for Ageing Well and e-Health, Vol. 2. SCITEPRESS, 104–116. 

[133] Jelle Ten Kate, Gerwin Smit, and Paul Breedveld. 2017. 3D-printed upper limb prostheses: a review. Disability and Rehabilitation: Assistive  
Technology 12, 3 (2017), 300–314.  

[134] Divy  Thakkar,  Neha  Kumar,  and  Nithya  Sambasivan.  2020.  Towards  an  AI-Powered  Future  that  Works  for  Vocational  Workers.  In  
Proceedings of the 2020 CHI Conference on Human Factors in Computing Systems. 1–13.  

ACM Trans. Access. Comput. 



S3325.  

(2020): 120127 

 
 

ACM Trans. Access. Comput. 


	1 INTRODUCTION
	2 RELATED WORK AND BACKGROUND ON GLOBAL HEALTHCARE SYSTEMS
	2.1 Clinicians and 3D Printed Assistive Devices
	2.2 Makers and 3D Printed Assistive Devices
	2.3 Recipients of 3D Printed Assistive Technology
	2.4 Ecosystems of Care
	2.5 Contextualizing Global Healthcare Systems

	3 METHODS
	3.1 Interview Protocol
	3.2 Recruitment and Participants
	3.3 Data Analysis

	4 RESULTS
	4.1 The Importance of Ecosystem Structure in Supporting Follow-up
	4.2 Maker Acculturement: Adoption and Spread
	4.3 Ecosystem Services

	5 DISCUSSION
	5.1 Integrating Formal Collaboration in the Maker Culture
	5.2 The Value of Compensated Participation
	5.3 Tools for Sustained Follow-up and Multiple Stakeholder Participation
	5.4 Storehouse for Cross-Ecosystem Collaborations

	6 CONCLUSION

