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INTRODUCTION
It is estimated that 200 Australian babies are born each year with mid-hand or total hand birth
defects. In addition, around 290 Australians lose all or part of their hand through accidents, disease
or tumours annually. Prosthetic hands can restore function in people without a full hand due to birth
defect or trauma, but traditional models are unaffordable for people in developing countries and
may be impractical for children who quickly outgrow them. 3-D printers can offer inexpensive and
rapid production of assistive devices that mimic prosthetic hands, but a trade-off exists between
device performance and affordability. Existing cable-driven designs require considerable wrist
motion/strength to operate and can only perform very weak grasps.
During this fellowship, I aimed to gain new knowledge about cutting-edge design and fabrication
methods for 3D printed hand devices and how this technology best partners with expert
Prosthetists. I also aimed to learn from experiences in the USA regarding delivery models, so
that risks to consumers’ safety, health and emotional wellbeing are minimised. Whilst makers,
designers, and engineers have been the pioneers of Do-It-Yourself Assistive Technology, they are
often working outside their scope and must partner with clinical specialists to better serve people
with limb differences.

Acknowledgements
I am extremely grateful to the Winston Churchill Memorial Trust, with the sponsorship from the Jack
Brockhoff Foundation, for funding this opportunity, I owe a great debt to those individuals and
organisations across North America, Europe and the UK who gave up their valuable time to meet
with me and share their experiences in this field. I am also grateful to my employer, Monash
University, who encouraged me to make the most of this extraordinary opportunity.
This report was assembled following visits to the respective institutions. If necessary, information
was clarified or supplemented via the facility’s web pages, or additional resources provided by my
hosts following the visit such as relevant publications. Any errors are mine alone.
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EXECUTIVE SUMMARY
Exploration of the design and delivery of 3D-printed prosthetic hand devices
Associate Professor Lisa O'Brien, Accredited Hand Therapist, Occupational Therapist
Occupational Therapy Department, Monash University, Frankston Victoria
lisa.obrien@monash.edu
Phone: +613 99044100

Highlights
Amongst the multitude of learning opportunities across the five weeks of my fellowship, the key
highlights were:
•

•
•

The opportunity to meet with and observe the work of international designers and clinicians
whose work has influenced my current research and practice in the field. All have faced the
same frustrations and challenges that I have, but given they have been doing this in the US
and Europe for much longer than we have in Australia, they have come up with solutions
and systems that we can benefit from;
Learning about current and emerging 3D printing technologies and the exciting potential
applications to my field; and
Establishing formal international research and clinical collaborations with centres visited.

Major lessons learned and conclusions
•

•

•

•

•
•
•

People with arm/hand differences have traditionally had few options for prostheses, given
there has been little industry investment in research and development. 3D printing
technology generated excitement in consumers and designers and provides endless
opportunities for customised products at low cost;
Agencies acting in the 3D printing and design space for people with limb differences MUST
partner with skilled prosthetists in their local area, as recipients have very specific and
unique needs and prosthetists have the necessary expertise to best accommodate these;
Getting the socket fit right is the most important aspect of providing these devices. Existing
downloadable designs for people with partial hands do not provide adequate sockets, and
are likely to be abandoned;
For the terminal device (e.g. the “hand” or “hook”) many consumers prefer a life-like
appearance, especially when using the hand in public. Task-specific devices, however, are
usually more functional;
If the terminal device is to be hand-like, mechanical linkage systems for digits may be more
robust than cable-driven ones;
Selective laser sintering (SLS) is capable of smoother, more precise shapes than Fused
Deposition Modelling (FDM) and may be more cosmetically acceptable to consumers;
Consumers require follow-up care with skilled health practitioners for re-fitting the device as
required and training in how to use it to do the activities they want/need to do. Models of
practice which involve makers/designers creating the device remotely (i.e. without working
face-to-face with the consumer and their healthcare team) have been unsuccessful and are
to be discouraged.

I am an invited speaker at three national conferences where I will share this knowledge. These are
the Australian Orthotic Prosthetic Association National Congress, the Australian Hand Therapy
Association’s National Conference, and Australian Assistive Technology Conference.
I have commenced a research collaboration with Delft University, Caulfield Hospital (Melbourne) and
Queen Mary’s Hospital (London) for user-testing phase of Delft University’s Self Grasping Hand. This
is an exciting opportunity for Australian and English consumers to test this model and give feedback
to improve/refine the design.

Lisa O’Brien, 2017 Churchill Fellow

5

PROGRAMME
Week 1: Seattle and Portland, USA
Seattle Pacific University, Department of Engineering, Seattle, Washington
Assistant Professor Adam Arabian was previously in Research and Development with Orthocare
Innovation, and was involved in the development of the Triton smart foot for lower limb amputees,
which included microprocessor technology. He also volunteers with Handicap International, who
partner with Medecins Sans Frontieres (Doctors without Borders) to provide technical solutions
including prosthetic devices in war-zones and developing countries.
Advanced Arm Dynamics Northwest Center of Excellence, Portland, Oregon
Kerstin Baun is an Occupational Therapist who has specialized in upper limb prosthetic rehabilitation
since 2011. MacJulian Lang (Prosthetist/Orthotist) is the clinical manager of Advanced Arm Dynamics
in Portland, Oregon. He has been an upper limb prosthetic specialist for 18 years, including two
years of service on the Arm Dynamics’ team of upper limb prosthetists at Walter Reed National
Military Medical Center.
Oregon Health Sciences University (OHSU) Healthcare, Department of Occupational Therapy (Hand
Therapy), Portland, Oregon
Kelly Dunbar is an Occupational Therapist working in upper extremity and neurological rehabilitation
in the outpatient clinic at OHSU. She is involved in a prospective clinical trial to test a 3D-printed
myo-electric arm with children aged 6-17 years who were born with an upper limb difference.

Week 2: Rochester and Boston, USA
Rochester Institute of Technology, Rochester, New York
Jade Myers is the Lab Manager of the Access Technology Prototyping Lab, 3D-print division and
Adjunct Faculty member at RIT. She is currently enrolled in a PhD and she supervises student
projects that improve the design of low-cost 3D-printed prosthetic devices. She works with
LimbForge, an international non-profit agency, to design and provide culturally appropriate and
affordable devices for people in developing or under-served countries such as Haiti.
Associate Professor Dan Phillips has a background in Electrical Engineering and is the Director of
Access Technologies, RIT. His current role involves connecting RIT engineering, computer science,
and industrial design students with disability groups and agencies to work on real-word challenges in
order to produce better-designed technologies or devices. This can also involve partnerships with
RIT's College of Health Science as well as Nazareth College's departments of Occupational Therapy
and Physical Therapy.
Harvard School of Engineering and Applied Sciences Harvard University, Boston, Massachusetts
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Dr Scott Slimmer (Lewis Lab Manager) and Julia Ernst (Research Scientist) are based at
Professor Jennifer Lewis's lab which focuses on 3D printing of soft functional materials for use in
printed electronics, optical materials, light-weight structures, and microvascular architectures for
cell culture and tissue engineering.
(NB My original meeting with Professor Robert Howe was cancelled at short notice as Prof Howe was
overseas this week).
Videoconference with Victoria Hand Project (Canada)
Associate Professor Nick Dechev (Acting Chair Dept of Mechanical Engineering, University of Victoria,
British Columbia, Canada and Executive Director Victoria Hand Project) led the design of the Victoria
Hand, a 3D-printed low-cost upper limb prosthetic device with functional capabilities matching some
leading prostheses. The Victoria Hand Project has international partnerships with healthcare
providers in developing countries including Haiti, Guatemala, Ecuador, Nepal, Cambodia and Egypt.
Also present during the videoconference was Michael Peirone (Biomedical Engineer and Chief
Operating Officer, Victoria Hand Project).

Week 3: New York, USA and Paris, France
Hospital for special surgery, New York, New York
Eugenia Papadopoulos, Certified Hand Therapist, is an occupational therapist who specialises in
upper limb rehabilitation. She has 25 years’ experience, and has worked at HSS for the last 4 years.
Her experience with 3D printed prosthetic devices is mainly through open source files and eNable
designs. She has an Ultimaker 2 3D printer at home and has been experimenting with implanting a
microprocessor and electrode in the socket, sort of replicating myoelectric function. She is currently
considering volunteering with eNable efforts in Tanzania.
Videoconference with My Human Kit/ Bionico Rennes, France
Nicolas Huchet is the founder of My Human Kit, located in Rennes France. This association aims
to improve health through invention, sharing and production of technical aids for people with
disabilities, using strong partnerships with consumers. Originally, I arranged to visit the centre,
however this was changed at short notice by Nico, who was staying in Toulouse throughout my visit.
Given travel to Toulouse involved a 13-hour round-trip, Skype was arranged. My Human Kit has an
online sharing platform for developing and sharing resources around digital creation /
manufacturing and disability assistive devices called HumanLab wiki. Nico is a mechanic who lost his
hand above the wrist in an industrial accident.

Week 4: Delft, Netherlands
Delft University of Technology, Department of BioMechanical Engineering, Delft, Netherlands
Assistant Professor Gerwin Smit’s PhD project involved the design of a light-weight pistondriven prosthetic hand (the Delft Cylinder Hand). He currently conducts research and supervises
higher degree research students in the fabrication of novel, low-cost, cosmetically acceptable
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prosthetic devices. His work encompasses a variety of mechanisms and materials
including hydraulics, 3D-printing, and laser-cut metals. He was nominated by New Scientist for the
title of “Biggest Scientific Talent in the Netherlands and Flanders”.

Week 5: Loughborough and London, UK
Loughborough University School of Design, Loughborough
Dr Abby Paterson is an Industrial Designer who completed her PhD in 2012. Her thesis involved
partnering with hand therapists at Pulvertaft Hand Clinic, and hospitals in Derby, Leicester,
Nottingham, and Royal London to develop and test a software interface that allows therapists to
design and modify 3D-printable designs for hand and wrist orthoses.
University of Central London, Department of Mechanical Engineering, London
Dr Helge Wurdemann, is a Lecturer in Medical Devices, at UCL. He is an electrical engineer and
roboticist focusing on applications in the medical field. The UCL’s Institute of Healthcare
Engineering collaborates with seven London hospitals, embedding engineers in each to work on
specific projects.
Queen Mary’s hospital Amputee rehabilitation, NHS Foundation Trust, Roehampton, London
Queen Mary's is an internationally recognised service offering highly specialised services for
amputees. It is part of St George's University Hospitals.
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FINDINGS
Week 1
Seattle Pacific University, Department of Engineering, Seattle, Washington
My host was Assistant Professor Adam Arabian, an Engineer with extensive industry experience in
the design and development of prosthetic limbs. He currently volunteers with Handicap
International, who partner with Medecins Sans Frontieres to provide technical solutions including
prosthetic devices in war-zones and developing countries.
Background Information
Given hand and upper limb amputations / limb differences are relatively uncommon, there is little
commercial investment in the development of upper limb prosthetic devices. The government
therefore funded projects to develop myo-electric hands via Department of Defence for returning
armed forces, and Adam was lead engineer on the project that developed the Luke Hand.
As US citizens are relatively well-served by existing prosthetists and manufacturers of prosthetic
limbs, Adam is currently focusing attention on developing countries or war-zones where access to
prosthetic expertise is non-existent or scant. He developed the universal adaptor which wraps
around the thumb and has the ability to add modular assistive devices (such as eating or self-care
implements) and supervises undergraduate student projects aimed at increasing the suite of devices
available.
Issues with existing open-source 3D printed hand designs
In terms of the designs available from
eNable, Adam noted that these are
difficult to assemble (requiring complex
knotting of fishing wire cables) and
repair if any component breaks. His
team have developed a model (The
Falcon Hand) which can accomplish
pinch grip and pointing function by
making use of radial and ulnar wrist
deviation (see photo of original model,
right).
The second version of the Falcon incorporates a positionable thumb and dental elastic bands in the
finger joints to spring them back into extension when not activating the flexion mechanism.
Given the force required to operate body-powered 3D-printed hand devices, Adam suspects that
many supplied are abandoned by users. An attempt by him and Jen Mankoff (University of
Washington) to survey usage rates and user experience of 800 recipients of limbs through eNable
resulted in only 3 responses, suggesting many no longer used them. There are, however, some
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notable exceptions, particularly Peregrine Hawthorn who has a partial hand prosthetic device that
incorporates line-trimmer cable instead of fishing wire in order to withstand very high forces in his
daily work.
Adam’s current project involves a low-cost positionable
“passive” hand that is encased in a commercially available
silicon glove to make it more cosmetically acceptable to
users in populations in which prosthetic hands draw
unwelcome attention (see figure right). Joints are wired with
readily available coat-hanger wire, and fingers “snap” on to
the palm making them easy to replace if broken.
He has investigated the use of fingertip sensors in devices,
however believes these currently add little value, as the user
needs to break a relatively simple task into multiple steps
resulting in heavy cognitive burden. For example, raising a
mug requires positioning the wrist, opening the fingers,
closing them around the mug, checking that the grip is
strong enough to lift the mug, re-balancing grip to prevent
spillage, then raising it. Most users would find this too
onerous, and would naturally revert to using their intact limb
if they have one. Adam suggested that tactile devices would
only be useful if all steps are incorporated into a “smart”
algorithm that makes this a smooth one-step sequence
For active devices, Adam recommends the following improvements to existing body-powered
designs:
•
•
•
•

•

•

•

Replacing standing fishing line with deep-sea fishing line (made of braided Kevlar) as it generates
less friction making them easier for the consumer to operate.
Using Woodfill filament (made from 30% bamboo) which more closely resembles the texture of
human skin
Incorporating a raised platform at the back of the wrist to improve the mechanical advantage by
providing a longer lever arm to the tendons.
Adding a mechanism to lock the hand into the desired grasp to minimise effort required with
sustained positions. This may be a simple mechanical mechanism (such as a cable lock used in
mountain climbing) or a brake activated by an electromechanical system (e.g. Arduino boards)
Producing a hand with a palmar platform onto which task-specific devices can be locked.
Attachments need to be tailored to the activity that the consumer wants to do, such as grasping
a kayak paddle, riding a bike, or playing a musical instrument.
Consider designs that are printed as flat structures that can then be thermoformed around the
back of the person's residual hand (or a cast of this). This can then be attached to a leather cuff
around forearm (instead of printed socket) from which unconstrained cables originate to
activate the fingers.
Avoid 3D printed hinges where possible - consider Chicago screws or binder posts which are
stronger and easier to replace.

In terms of resources for me to follow up, he suggested:
•
•

FDA guidelines on 3D printed medical devices
Create O&P - a business that founded by Jeff Erenstone (Prosthetist/Orthotist) that offers 3D
printing and digital solutions to orthotists and prosthetists worldwide
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•

investigating the use of bearings (such as those used in fidget spinners) to reduce friction on
moving cables

Advanced Arm Dynamics Northwest Center of Excellence, Portland, Oregon
My host was Kerstin Baun (Occupational Therapist who specialises in upper limb prosthetic
rehabilitation). I also met with MacJulian Lang (Prosthetist/Orthotist) the clinical manager of Arm
Dynamics’ in Portland, Oregon and observed Colin (Prosthetics Technician) in his workshop.
Background Information
The majority of the centre’s clients have traumatic amputations from workplace or motor vehicle
accidents. Services provided include comprehensive assessment, design, fitting, and training with
the prosthesis. The service works closely with the client to design a bespoke device that meets the
client's needs in terms of appearance and the tasks they want/need to do with it.
After having the prosthesis fitted, clients are able to attend for a full week of intensive training
(including practice in daily living activities) in which adjustments may be made to ensure best
possible fit. Outcome measures used include the TAPES (Trinity Amputation and Prosthesis
Experience Scales) the DASH (Disabilities of Arm Shoulder and Hand), Box and Blocks Test, and the
OPUS (Orthotic Prosthetic User Survey). The team have also developed two outcome measures that
are in validation - the CAPROC (unpublished - still under validation) and the CAPPFUL which
compares the prosthetic to the sound upper limb, and also looks at compensatory movement, and
component utilisation.
Experience with 3D printed prosthetic devices
Kerstin has previously presented a single case-study research paper comparing the myo-electric
iDigit hand with the Raptor reloaded 3D printed body powered prosthesis. Not surprisingly, the myoelectric limb gave superior results for all grip and pinch types and overall function, however the 3D
printed device performed comparably in large lightweight grasp and slightly better in one trial of the
box and blocks test.
Kerstin stated that 3D-printing is now mostly used for prototyping a prosthesis design (rather than
for the finished limb) but demonstrated the commercially available Point Design Finger (see next
page), which is 3D printed in metal. This is a very robust passively lockable digit that operates on a
ratchet system with a push-button unlocking mechanism
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Point design 3D-printed finger -pictured (L-R) from underneath, side and top views.
In terms of related technology, 3D scans are rarely used, as they are unable to capture deep bony
anatomy. Instead, alginate moulds are taken and cast in plaster. This cast is then padded out where
necessary (to protect structures that are susceptible to pressure injury) and the socket and
prosthesis are moulded around it. MacJulian Lang noted that digital scans can, however, be helpful if
they are built from MRI or CT scans, as underlying anatomy is captured.
They also recommended task-specific devices that can be attached to
the prosthesis to enable clients to perform specific activities such as
riding a bike, playing golf, or practicing yoga -see "shroom" device
(pictured right) which enables the wearer to weight-bear through the
arm. These are mostly sourced from TRS Prosthetics.

In terms of resources for me to follow up, Kerstin suggested:
•

Dr. Nikolai Dechev at Victoria Hand Project in British Columbia (Canada) (NB A/Prof Arabian
also recommended this group as having the best engineered full hand that he was aware of).
I have arranged a video-conference meeting with Dr Dechev for Weds 11th July.

Oregon Health Sciences University (OHSU) Healthcare, Dept of Occupational Therapy (Hand Therapy),
Portland, Oregon
Kelly is a clinician working with amputee and neurological caseloads. Kelly described her work with
amputees as:
• preparing patients prior to them undergoing Targeted Muscle Reinnervation. This surgical
procedure (which is led at OHSU by Dr Albert Chi) involves transferring residual nerves from
the amputated limb to new muscle targets that have otherwise lost their function in order to
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•

improve the individual's ability to control upper limb prostheses. Patients return for
intensive re-training and hand therapy at 2-3 months after surgery, and Kelly works with
them intensively (3 x 3hr sessions over a week) using graded motor imagery, mirror box, and
a visualisation program.
involvement in a prospective clinical trial to test a new design for a 3D-printed myo-electric
arm. Participants will be children aged 6-17 years who were born with an upper limb
difference. This trial is a collaboration between OHSU and a non-profit agency
(Limbitless Solutions) based at the University of Central Florida in Orlando. At this stage, no
participants have been recruited, but Kelly understands that she will be involved in the
fitting and initial assessment phase then referral to a local therapist for ongoing follow up.
Outcome measures will include observation of how the child uses the limb (possibly via GoPro camera) and validated measures of Quality of Life (QOL) and Function, using the
Children's Hand-use Experience Questionnaire (CHEQ). Follow up data will be collected at
baseline, 3, 6 and 12 months. To her knowledge, there is no prosthetist on the research
team, and they are not involved in the fitting of the limb, which will be custom made by
Limbitless Solutions. A press-release for the study is available
from: https://news.ohsu.edu/2018/05/16/ohsu-ucf-launch-first-u-s-clinical-trial-of-3dprinted-prosthetics-for-children

Week 2
Rochester Institute of Technology, Access Technology Prototyping Lab, 3D-print division
My hosts were Jade Myers and Associate Professor Dan Phillips. Jade is Lab Manager, Access
Technology, and Dan is Director of Access Technologies, RIT. I also met with Dan Harel, IdeaLab Lead
& Advisor, Adjunct Professor of Industrial Design.
Background Information
Jade completed her Masters in Engineering under Dr Jon Schull, founder of eNable. She is currently
working on her PhD and supervises student projects that improve the design of low-cost 3D-printed
prosthetic devices. She works with LimbForge, an international non-profit agency, to design and
provide culturally appropriate and affordable devices for people in developing or under-served
countries such as Haiti. Part of Dan’s role involves connecting RIT engineering, computer science,
and industrial design students with disability groups and agencies to work on real-word challenges.
The aim is to produce products and health technologies that enable better access for people with
disabilities or their carers. This occasionally involves partnerships with RIT's College of Health Science
as well as Nazareth College's departments of Occupational Therapy and Physical Therapy.

Current work with 3D printed prosthetic devices
As Jade primarily produces devices for Haiti, where there is significant stigma associated with limb
difference and prosthetic devices, her designs are skin-toned and designed to look as much like real
limbs as possible. As with the model below (for trans-humeral amputation) this means that they
have limited function, with an opposable thumb only. This is controlled by surgical tubing connected
to bicycle brake cable (which can be replaced using locally available materials). It is then attached to
a shoulder harness and activated by shoulder motion. It has an elbow which can be free-swinging
during normal gait, but locked into position by pressing the upper arm against the body. Several
engineering and industrial design students have worked to create an elbow joint with improved
flexibility, and have conducted tests to ensure the materials are resistant to heat, UV light and
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moisture. Students are currently working to test the load-strength of the elbow joint (pictured below
left).

LimbForge donated scanners (the Structure Scanner) six 3D-printers (Model: Ultimaker Extended 2+)
and computer programs (including MeshMixer and Standard Cyborg software) to Haiti’s Healing
Hands Clinic and has trained two local Haitian prosthetists to produce devices and sockets of
appropriate dimensions with varying skin tones (using PLA ColorFabb filament from Eastman).
Jade helped train their clinicians at to use the tecnology to create prostheses and design customdesigned adaptive devices that are task-specific (e.g. to hold cutlery or a walking cane).
Jade estimates that 30 devices have been supplied for around 20 people in Haiti. She believes
that they are more likely to be used by people with trans-radial than those with trans-humeral
amputations and are often worn outside the home for cosmetic reasons only. The limb design and
fitting clinics in Haiti attract patients by word of mouth, with many travelling long distances to get
there. Their long-term aim is to provide a same-day service measure, design, print and fit the limb,
with instruction from physiotherapist or occupational therapist in how to use and care for it. It is
unlikely that there is access to follow-up care beyond this for those who cannot return to the clinic.
The other main model Jade and her
students are working to improve is
the RIT Arm, an assistive device for
people with trans-radial amputations
(I.e. the person has an elbow but no
wrist). It is actuated by bending the
residual elbow or via a cable
connected to a shoulder harness. The
arm was originally developed by eNable members at Rochester Institute
of Technology )see photo right).
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My visit involved a tour of the Studio 930 RIT Design Consultancy where summer students were
working on a variety of projects including a hoist device to transfer a person from a wheelchair to a
sit-ski, and a rugged, but low-cost wheelchair for an African country without paved footpaths to
enable students to attend school. Whilst these projects are not directly related to my fellowship, the
importance of involving Industrial Design experts when creating 3D-printed prosthetic devices was
highlighted.
Professor Dan Phillips explained that top students are invited to complete Embedded Co-operative
projects in multi-disciplinary student teams with local agencies for a year-long project. Students are
paid a minimum wage to complete these, and projects must focus on resolving an access
issue experienced by people with a disability.

Skype meeting with Associate Professor Nick Dechev (Acting Chair Dept of Mechanical
Engineering, University of Victoria, BC, Canada and Executive Director Victoria Hand Project) and
Michael Peirone (Biomedical Engineer and Chief Operating Officer, Victoria Hand Project)
Background Information
I had not heard of Victoria Hand Project at the time of booking my trip, however they were
recommended to me by two of the people I had visited, so a Skype conference was arranged.
A/Professor Nick Dechev led the design of the Victoria Hand, a 3D-printed low-cost upper limb
prosthetic device with functional capabilities matching some leading prostheses. The Victoria Hand
Project has international partnerships with healthcare providers in developing countries including
Haiti, Guatemala, Ecuador, Nepal, Cambodia and Egypt.
Current work with 3D printed prosthetic devices
Nick described the Victoria Hand as an
"end to end" device which includes the
terminal device/hand (which differed
from all other hands I had seen on this
fellowship in that it operates on a
linkage system rather than fishing
wire/cables at fingers and can be
voluntary-open or voluntary-close) a
dynamic spherical ball and socket
wrist (which is able to rotate,
flex/extend, and lock into position), a
custom-made 3D-printed socket, and a
shoulder harness (usually figure 8 - i.e.
wraps around both shoulders).
Actuation is via cable similar to bicycle
brake cable which is connected to the
harness at one end and the wrist at the other. A photograph (from Victoria Hand 's website) of the
limb is above. In terms of grasps, they can perform a power grip, key pinch grip and tripod-pinch.
These limbs are extremely robust, with breakages occurring in only 15% of devices. If a part breaks,
local staff can print a replacement. Once locked into grip, they can carry a bag up to 15lbs (6.8kg). An
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attempt to track ongoing use via a cloud-based follow-up system was unsuccessful due to technical
issues in the host countries.
These limbs are suitable for people
whose arm is amputated above
the wrist, or above the elbow. He
stated that getting good socket fit
was the most important element,
and they achieve this by scanning
a positive plaster cast of the
residual limb, and printing the
socket in hard PLA (polylactic acid)
filament. For people with short
forearm stumps, a suspension
socket will also include a
polypropylene liner riveted inside
the hard PLA shell to improve stability (see photograph right). They have been using a NextEngine
laser scanner, but are moving toward photogrametry, a lower-cost but highly accurate method of
constructing a 3D model from multiple photographs using a DSLR camera (Agisoft Photoscan
(http://www.agisoft.com/) - $179 USD for the Standard version).
They are not currently working on a model for people with partial hands (as per my own team's
project). They are also not focused on developing/providing these for Canadians, although they have
made them for about 10 people who approached them, with 4 of these continuing to actively use
them. They are planning to work on models specifically designed for children in the near future.
Nick explained that the model of care in developing countries is strongly based on partnering with
and building the expertise of local prosthetists who conduct the initial assessment of the consumer
and make the decision whether a Victoria Hand is appropriate. Clinics in each of the six
participating countries have been provided with two printers, a scanner and computer and training
in how to print and assemble the limbs.
Nick also stated that there are plans for LimbForge to be absorbed into Victoria Hand Project to
provide a consistent model of service delivery and capacity building in developing countries.
Key learnings:
• highlighted the need to partner with skilled prosthetists in-country, as recipients have very
specific and unique needs.
• getting the socket fit right is the most important aspect of providing these devices
• mechanical linkage systems for digits may be more robust than our team’s current cabledriven model

Harvard School of Engineering and Applied Sciences Harvard University, Boston
My hosts were Scott Slimmer (Lewis Lab Manager) & Julia Ernst (Research Scientist). Scott and Julia
are based at Professor Jennifer Lewis's lab which focuses on 3D printing of soft functional materials.
My original meeting with Professor Robert Howe was cancelled as Prof Howe is overseas this week.
Background Information
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The Lewis lab is a leader in the production of 3D printed electronics, optical materials, light-weight
structures, and microvascular architectures for cell culture and tissue engineering. On a tour of the
lab, I was able to observe the advanced printers they have developed, including the Voxel8 (the
world's first 3D electronics printer, which allows co-printing of thermoplastics and highly conductive
silver to enable circuits to be embedded in devices) and the LabStar battery printer. I also observed a
multi-materials printer which allows printing of up 16 different materials into one product.
Application to Prosthetics
Julia presented her work on the development of wearable sensors for assessing stress distribution in
lower limb prosthetic sockets in real-time. This arose from her volunteer work with a prosthetic
clinic in Ecuador where they needed a reliable, non-invasive, and affordable way to measure the
levels of shear and pressure in the skin (particularly over bony prominences) inside the prosthesis
socket. She has developed a very thin (0.5mm) 3D printed soft elastic sensor array which can be
stretched up to 150% to conform to the wearer’s anatomy. It can also be printed directly onto (or
bonded to) a film surgical dressing (like Tegaderm). Sensors are quick and cheap to produce and reusable. This technology would be extremely useful for achieving comfortable fit and preventing skin
breakdown in regular users of prosthetic devices. It also has applications for preventing pressure
injury in immobile people, or those confined to bed or wheelchairs.
I was also able to observe the Soft Somatosensitive Actuators that are embedded in a 3D-Printed
"digit". This device looks like a transparent rubber finger, and has a series of linked air-bladders,
and sensors that detect whether it is bent/straight, and how much pressure it is applying at the tip.
It can also discriminate between hot and cold. Tests combining three fingers to create a soft "hand"
(see photo below) showed that it could grip a ball and provide feedback on its temperature and
texture. Data captured by the robotic gripper could be useful for enabling precise control of future
soft robots.

Photo Credit: Ryan Truby/Harvard School of Engineering and Applied Sciences (SEAS)
Whilst this technology is aimed primarily at robotics, it could have applications in the future to
terminal devices for upper limb prostheses.
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Week 3
Hospital for Special Surgery, New York
My host was Eugenia Papadopoulos, Certified Hand Therapist/ occupational therapist. She has 25
years’ experience in hand therapy, and has worked at HSS for the last 4 years. I spent the day in the
busy hand therapy outpatient clinic, which employs 10 hand therapists.
Background Information
Eugenia has experimented with 3D printed prosthetic devices for her clients, mainly through open
source files and eNable designs. She has an Ultimaker 2 printer at home and has been working
toward implanting a microprocessor and electrode in the socket, replicating myoelectric function.
She is currently considering volunteering with eNable efforts in Tanzania.
Recently, she has worked with biomedical engineering students at Weill-Cornell Medical Centre
/University to trial 3D-printed fingers for two of her patients (one with amputations of two fingers in
a circular saw accident, the other with one finger
amputated following circulatory impairment). In both
cases, the Knick finger from eNable was used (see image,
right, from Thingiverse, an open-source repository of 3D
printed designs). These were printed in Thermoplastic
Poly Urethane (TPU) for the sockets, as it has some
flexibility and the harder Polylactic acid (PLA) for the two
knuckles, middle section, and linkage.
She is not currently treating any amputees, so the day
was spent observing clinical sessions, the most
complex being a patient following nerve and muscle
transfer from their leg to their forearm to compensate for
severe muscle damage as the result of compartment
syndrome.

Skype meeting with Nico Huchet, My Human Kit, France
Background Information
Nico is a mechanic who lost his hand above the wrist in an industrial accident. He is the founder of
My Human Kit, located in Rennes France. This association aims to improve health through invention,
sharing and production of technical aids for people with disabilities, using strong partnerships with
individual consumers. Originally, I arranged to visit the centre, however this was changed at short
notice to a Skype conference as Nico was in Toulouse throughout my visit. My Human Kit has an
online sharing platform for developing and sharing resources around digital creation/manufacturing
and disability assistive devices called HumanLab wiki.
Nico stated that his organisation partner with Medecins Sans Frontieres (Doctors without Borders)
and Prosthetic / Orthotic professionals and employs a full-time mechanical designer. We discussed
their current 3D printed upper limb projects, all of which use linkage mechanisms to open or close
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the fingers (he prefers this as he has found cable driven digits to be less robust). My Human Kit aim
to produce low-cost devices for anyone world-wide, and involve the consumer at the design stage so
that devices are customised to the individual's purposes and preference. Outcomes vary between
life-like appearance and task-focused tools. They currently use Structure Scanner or EinScan to
capture 3D images directly from the consumer's arm (rather than from a cast).
All photo credits in this section: Nico Huchet
The main models under development are:
• the body-powered Shiva project which aims to produce customised and aesthetically
acceptable upper limb prosthetics. These have a trade-off in limited function, but are very
useful for consumers for whom appearance is important. The fingers are not jointed, but can
flex/extend from the
metacarpo-phalangeal
level and the thumb can
perform opposition or
lateral pinch grasps. It is
activated via a shoulder
harness and is designed
for trans-radial
amputees. Nico stated
that the socket is made
from mixed carbon, and
that the hand can be
locked into grasp
patterns that enable the
user to carry a bottle of
water or similar-shaped
object. Grip strength has
not been measured but
it is estimated to be 5-10kg. The model pictured above is a voluntary-close hand, but they
are researching a voluntary-open design.
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Nico stated that the terminal device
(hand) can be removed and
replaced with task-specific tools,
such as a plectrum for playing
guitar, or a pizza-cutting wheel.
The 3D printed green wrist band in
the photo at right is the base onto
which the attachment is secured.
The prosthetic hand (2nd from top)
is a commercially available
prosthesis by OttoBock.

•

the Bionicohand, a myo-electric hand prototype with electrodes positioned over the lateral
forearm muscles close to the elbow. At present, it is only capable of a pinch grip.

Early model pictured above left, more recent model hand attached to OttoBock Varie speed
hand forearm socket above right
Future plans:
• My Human Kit plan to print the next versions in metal (e.g. titanium) as plastics are too
fragile for their purpose. They are currently seeking industrial partners for this. The metal
skeleton will then be covered with some form of glove (e.g. sports glove)
• Nico was interested in achieving better 3D scans, so I forwarded information to him
regarding photometry

Week 4
Delft University of Technology, Department of BioMechanical Engineering, Netherlands
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My host was Assistant Professor Gerwin Smit, who is known for designing a light-weight pistondriven prosthetic hand (the Delft Cylinder Hand). Gerwin currently researches and supervises higher
degree research students in the fabrication of novel, low-cost, cosmetically acceptable prosthetic
devices. His work encompasses a variety of mechanisms and materials including hydraulics, 3Dprinting, and laser-cut metals. He was recently nominated by New Scientist for the title of biggest
scientific talent in the Netherlands and Flanders.
Background Information
Gerwin reported that there are approximately 3500 people in Netherlands (out of a total population
of 17 million) who have an above-wrist upper limb deficiency, but only 1000 have an
active prosthetic device prescription. He also stated that most prosthetic limbs require replacement
within 3-5 years, and that prostheses that are operated from a cable attached to a shoulder harness
with a traditional hook-shaped voluntary-open terminal device outperform hand-like devices in
terms of grasp strength and function. Whilst prostheses with shoulder harnesses and hooks are
widely used in many western countries, many other populations find them aesthetically
unacceptable, thus the ongoing quest for a hand-like device that is lightweight and does not require
high degrees of activation force to open and close the hand.
Current work with 3D printed prosthetic devices
Gerwin has developed several hand models including:
•

The Delft Cylinder Hand (original model below) which is hydraulic piston-driven and is used
under a life-like silicon glove

photo credit: Bio-Inspired Technology Group (BITE), Delft University of Technology (TU Delft)
Department BioMechanical Engineering
Newer iterations of this have incorporated a 3D-printed shell, which was created using
Selective laser sintering (SLS) 3D printing which uses a laser as the power source to "sinter"
powdered material together to create a solid structure. This method is capable of smoother,
more precise shapes. The hand pictured below has a passively positionable thumb and
fingers that can be activated one-by-one to form various pinch and power grips.

Lisa O’Brien, 2017 Churchill Fellow

21

•

the recently patented 'Self Grasping Hand' design, which has a laser-cut steel skeleton
(covered with cosmetic glove or 3D-printed shell) which grips objects that are pushed into
the palm by means of an innovative spring-loaded mechanism. Grasp release is achieved by
activating a button on the back of the wrist. This device is a break-through as it follows the
natural pattern of grasp and release in human hands which is dictated by the length of
tendons that bend and straighten the fingers (and their interconnections with finger
ligaments). It is hoped that this will be much more intuitive for users to operate.
The prototype (pictured below) is entirely body powered and requires no shoulder harness,
however Gerwin has considered adding a small motor to release the wrist. The photo below
shows the hand encased by 3D-printed shell. The wrist is still in the design phase but will
likely be a lockable ball and socket.
This hand is capable of a 3.5 kg pinch grip and around 7kg grip strength (most existing 3D
printed hand designs can only achieve a 2.5kg power grip, and negligible pinch strength). It
weighs approximately 300g.
The prototype I saw (below) was designed for people with trans-radial (i.e, above the wrist)
amputations, and discussion with Gerwin concluded that it may not be adaptable for those
with partial hands.

In addition, three current PhD students presented their projects which included:
• Ronald Bos: 3D printing of a hydraulic-activated dynamic hand orthosis to enable functional
grasps for people with hand weakness (in this case, Duchenne's muscular dystrophy)
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•

•

Juan Sebastian Cuellar: Development of a smart-phone app to capture an accurate 3D scan
of a person's residual limb and automatically generate a design for the socket of the
prosthesis. This is in partnership with Global Initiative, and is aimed at use in developing
countries
Steven Goes: Using statistical shape models in a silhouette-based 3D reconstructive process
to model the residual limb of trans-radial amputees (this project is related to the one
above).

Outcome:
• Gerwin and I discussed a potential collaboration for the user-testing phase for the Self
Grasping Hand. This is an exciting opportunity for Australian consumers to test this model
and give feedback to improve/refine the design.
• Gerwin also offered Delft University engineering student for a summer internship at Monash
University. Tasks will include production and assembly of several hands in Melbourne (whilst
training Monash University staff in this) and submitting the ethics application for the
consumer testing part of the clinical study.

Week 5
Loughborough University School of Design
My host was Dr Abby Paterson, an Industrial Designer who completed her PhD in 2012. Her thesis
involved partnering with hand therapists at Pulvertaft Hand Clinic, and hospitals in Derby, Leicester,
Nottingham, and Royal London to develop and test software that allows therapists to design and
modify 3D-printable designs for hand and wrist orthoses (braces).
Application to 3D printed device design
Abby received a grant from Arthritis Research UK for a feasibility study to further refine her 3Ddesign software after testing with 18 practicing therapists. The test software included a 3D scan of a
“test-case” hand (taken from a plaster cast) The long-term aim is for therapists to be able to
customise a design using simple and intuitive software in-clinic to suit their patient’s specific
anatomy and needs, then either send it for printing or produce it in their own clinic. Given most
patients with acute injuries need to be provided with an orthosis within a short consultation time
(usually a maximum of 30 mins), Abby feels this technology is currently better suited to consumers
with chronic conditions such as rheumatoid arthritis where the orthosis can be printed overnight
and then provided to the patient.
Her design for the wrist orthosis is lightweight and circumferential with elastomer edges to improve
comfort and minimise risk of pressure areas (see photos left and middle below). The latest model
(pictured right below) is printed in one piece using laser sintering, which is preferable to fused
deposition (the traditional 3D “layer on layer” printing) as it allows fine detail and elastic structures
such as the fine mesh “hinge” to enable easier donning/doffing. It requires no assembly, just some
form of elastic strapping to close the edges together across the back of the hand.
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In terms of 3D scanning of the limb, she has trialled the Sense Scanner, the Z scanner and several
Artec products, but prefers the Curatio 3D hand scanner (see photo below) which was developed by
Pieter Smakman at Delft University. This is a ring-shaped rig with laser pointers and 32 cameras, and
is able to create a precise surface model of the hand.

(photo credit: www.core77.com)
Abby gave me a tour of the labs where I observed the Connection 500 printer (which can print an
object with up to 16 different materials with differing ratios of hardness/flexibility thus enabling high
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customisation) and the MarkForged printer which can print carbon fibre for extremely strong and
very lightweight objects such as prosthetic limbs. She also explained the Continuous Liquid Interface
Production (CLIP) form of printing, which prints in resin and is much faster than traditional 3D
printing.
University of Central London, Department of Mechanical Engineering
I was hosted by Dr Helge Wurdemann, an electrical engineer and roboticist focusing on applications
in the medical field. The University of Central London's Institute of Healthcare Engineering
collaborates with seven London hospitals, embedding engineers to work on specific projects.
In the prosthetic hand space, Helge's main work has been:
• developing "proof of concept" for a sensory feedback system for finger-tips of 3D printed
hands. In collaboration with Prof. Shervanthi Homer-Vanniasinkam (Professor of Engineering
and Surgery), hand surgeons Dr Joseph Hardwicke and Dr Matthew Venus (University of
Warwick), and LimbForge, he was awarded a Royal Academy of Engineering Grant to create
‘haptic feedback’ (i.e. touch feedback similar to the technology in modern smartphones) for
3D printed body-powered prosthetic hands. An initial prototype of the fingertip (which was
added to eNable's "Raptor" hand model) was
viewed during the visit (see photo, right) The
finger itself was printed on a Connex 500
multi-material printer using VeroClear (a rigid
translucent PolyJet resin) and the fingertip
chamber is made from TangoBlack or
TangoPlus (PolyJet simulated rubber
material). The chamber is filled with fluid and
is attached via a hollow tube to a round
mechano-receptor "button" (also made from
VeroClear with a TangoPlus membrane) which
is placed on the user's intact limb. Students are
currently working on projects to compare the
performance of different diameters and
textures of the feedback button with healthy
volunteers. Materials cost for the system is around 10 pounds sterling.

Graphic credit: https://helge-wurdemann.com/softhapticslab/haptic-interfaces/
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The team plans to test different fingertip designs with newer designs from eNable, including
a single-digit prosthesis. They are also aiming to develop a fingertip that can discriminate
between various textures.
•

Helping Hand Challenge: Helge is supervising students working on a virtual model of
designing and providing people in India with prosthetic hand devices. The team
has collaborated with Christian Medical College in India to work with three clients to see
whether they can assess the person's needs remotely, then design and print a device (e.g. an
adapted Raptor Hand from eNable) to ship to them. There have been several challenges with
this, as photos have been an unreliable method of measuring hand size, and therefore
scaling the devices. Students have also been involved in designing methods of measuring the
performance of the device, including grasp and lifting ability, slip resistance, and an adapted
version of the Southampton Hand Assessment Procedure (SHAP). Helge and students are
travelling to India in August 2018 to meet with the consumers to evaluate outcomes.

Queen Mary's Hospital, Roehampton, London
Queen Mary's is an internationally recognised service offering highly specialised services for
amputees. It is part of St George's University Hospitals. I was hosted by Melissa Jacobs (Occupational
therapist) Ruth Nicholson (Prosthetist) and Werner Herbst (Director of Operations) Prosthetic and
Amputee Rehabilitation team.
Background Information
Queen Mary's hospital has 10 in-patient beds (mostly for lower-limb amputees), and services around
600 upper-limb amputees, mostly as out-patients. They do not currently offer 3D-printed devices,
but many of their patients have expressed interest in trialling these, given the positive publicity from
volunteer networks such as eNable and Team Unlimbited. They commented that one of their
paediatric patients did receive a 3D printed hand via eNable but it was too big for her and she does
not use it. They also noted that the National Health Service (NHS) in the United Kingdom will not
approve these devices until there is some robust evidence of their safety and utility for consumers.
NHS has only recently approved a 3D-printed prosthetic arm developed by Open Bionics, Bristol,
England, for use within the UK.
Experience with 3D printing and scanning in prosthetics
The prosthetists are familiar with 3D scanning and use an Omega scanner to capture the stump
dimensions using CAD/CAM software. The file is sent to another site where a foam model of the
stump is machine carved. This model is used during manufacture of the socket.
Outcome:
• I discussed Delft University's 'Self Grasping Hand' and the team expressed interest in
partnering with Gerwin and myself to arrange consumer trials.
• Given their patients’ interest in these devices, we will shortly be applying for ethical
clearance from St George's University for consumer testing
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CONCLUSIONS
The main goals of my fellowship were to build knowledge about cutting-edge design and fabrication
methods for 3D printed hand devices, to define how this technology best partners with expert
prosthetists, and to learn from experiences in the USA regarding delivery models, so that risks to
consumers’ safety, health and emotional wellbeing are minimised.
During this fellowship, I had the opportunity to observe a range of clinical and design/manufacturing
facilities which expanded my own knowledge of what is possible and what is yet to be solved. 3D
printed assistive devices for people with partial hands are, at present, still a design and engineering
challenge if they are to look like human hands but still be functional and easy for consumers to use.
It is clear that a trade-off between form and function still exists.
There is significantly more scope to work with people whose amputations are above the wrist, and
the Delft Self-grasping hand is, in my opinion, one of the most exciting developments. This is
because the movement pattern mimics natural human movement, it is capable of strong grasps, and
it does not require a shoulder harness. I look forward to conducting clinical testing with real
consumers to refine it further.
Throughout my fellowship I had an opportunity to reflect on what I know of the state of 3D printing
for people with hand/arm differences in Australia, and what our team at Monash University has
been working towards. Some things we do very well, but there is scope for improvement to meet
the needs of this population. The current student project (under the supervision of Dr Chao Chen,
Engineering) is exciting, as we will consumer-test a novel design for cable placement as well as an
innovative electromechanical system to boost grasping power and ease of release.
Most people who shared their knowledge and experiences with me were passionate about tackling
the challenges described above and I learned a lot from them. However, this fellowship was also an
opportunity to share my own knowledge and experience from Australia, of mutual benefit and
ultimately beneficial for the end-users of these devices.
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RECOMMENDATIONS
The following recommendations are offered as a result of my observations throughout my
fellowship:
1. Agencies acting in the 3D printing and design space for people with limb differences MUST
partner with skilled prosthetists in their local area, as recipients have very specific and
unique needs and prosthetists have the necessary expertise to best accommodate these.
2. Getting the socket fit right is the most important aspect of providing these devices. Existing
downloadable designs for people with partial hands do not provide appropriate sockets, and
are likely to be abandoned.
3. For the terminal device (e.g. the “hand” or “hook”) many consumers prefer a life-like
appearance, especially when using the hand in public. Task-specific devices, however, are
always more functional.
4. If the terminal device is to be hand-like, mechanical linkage systems for digits may be more
robust than cable-driven ones
5. Selective laser sintering (SLS) is capable of smoother, more precise shapes than Fused
Deposition Modelling (FDM) and may be more cosmetically acceptable to consumers
6. Consumers require follow-up care with skilled health practitioners, including prosthetists,
prosthetic technicians, and occupational therapists for re-fitting the device as required and
training in how to use it to do the activities they want/need to do.
7. Models of practice which involve a maker or designer creating the device remotely (i.e.
without working face-to-face with the consumer and their healthcare team) have been
unsuccessful and are to be discouraged.

Where to from here?
As a result of this fellowship, I am an invited speaker at three national conferences where I will share
this knowledge. These are:
•

The Australian Orthotic Prosthetic Association National Congress (October 5-7, 2018, Gold
Coast)

•

The Australian Hand Therapy Association’s National Conference (October 19-21, 2018,
Melbourne)

•

Australian Assistive Technology Conference (November 14-16, 2018, Melbourne)

In addition, I have presented key findings within my own research team at Monash University, and
the engineers have incorporated braided Kevlar cables and a lightweight motor with a brake to lock
the fingers in full grasp. The addition of an electromechanical system (activated by an easily
programmed Arduino board) is innovative and will be tested with our consumer and compared to his
more expensive commercially made hand.
New collaborations as a result of this fellowship
Most exciting is a new research collaboration between Monash University (including my department
and the Art Design and Architecture’s Health Collab unit), Delft University’s department of
Engineering, Caulfield Hospital (Melbourne) and Queen Mary’s Hospital (London) for the user-testing
phase of Delft University’s Self Grasping Hand for people with amputations above the wrist. This will
commence with a student from Delft completing a summer internship at Monash University in 2019.
Tasks will include production and assembly of several hands in Melbourne (whilst training Monash
University staff in this) and submitting the ethics application for the consumer testing part of the
clinical study.
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