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Design of a 3D-printed hand prosthesis
featuring articulated bio-inspired
fingers

Juan Sebastian Cuellar , Dick Plettenburg, Amir A Zadpoor,
Paul Breedveld and Gerwin Smit

Abstract
Various upper-limb prostheses have been designed for 3D printing but only a few of them are based on bio-inspired
design principles and many anatomical details are not typically incorporated even though 3D printing offers advantages
that facilitate the application of such design principles. We therefore aimed to apply a bio-inspired approach to the design
and fabrication of articulated fingers for a new type of 3D printed hand prosthesis that is body-powered and complies
with basic user requirements. We first studied the biological structure of human fingers and their movement control
mechanisms in order to devise the transmission and actuation system. A number of working principles were established
and various simplifications were made to fabricate the hand prosthesis using a fused deposition modelling (FDM) 3D
printer with dual material extrusion. We then evaluated the mechanical performance of the prosthetic device by measur-
ing its ability to exert pinch forces and the energy dissipated during each operational cycle. We fabricated our proto-
types using three polymeric materials including PLA, TPU, and Nylon. The total weight of the prosthesis was 92 g with a
total material cost of 12 US dollars. The energy dissipated during each cycle was 0.380 Nm with a pinch force of ’16 N
corresponding to an input force of 100 N. The hand is actuated by a conventional pulling cable used in BP prostheses. It
is connected to a shoulder strap at one end and to the coupling of the whiffle tree mechanism at the other end. The
whiffle tree mechanism distributes the force to the four tendons, which bend all fingers simultaneously when pulled. The
design described in this manuscript demonstrates several bio-inspired design features and is capable of performing differ-
ent grasping patterns due to the adaptive grasping provided by the articulated fingers. The pinch force obtained is super-
ior to other fully 3D printed body-powered hand prostheses, but still below that of conventional body powered hand
prostheses. We present a 3D printed bio-inspired prosthetic hand that is body-powered and includes all of the following
characteristics: adaptive grasping, articulated fingers, and minimized post-printing assembly. Additionally, the low cost
and low weight make this prosthetic hand a worthy option mainly in locations where state-of-the-art prosthetic work-
shops are absent.
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Introduction

The demand for prosthetic limbs is rising as the num-
ber of amputations is increasing worldwide. In the
United States alone, it is estimated that 185,000 ampu-
tations are performed every year.1 The demand for
upper limb prostheses is important since a relevant per-
centage of all limb loss cases are related to the upper
limb(s). In the United States a total of 41,000 cases of
trans-radial and trans-humeral amputations were esti-
mated in 2005.2 The after-effects of an upper limb loss
can be devastating both for the mental and physical

well-being of the amputee. Designing and fabricating
an upper limb prosthesis is therefore essential in order
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to help amputees to recover functionality and increase
their quality of life.3

The ultimate goal of prosthetic devices is to mimic
the functionality of a missing body part. Unfortunately,
the complexity of anatomic structures in a real hand is
such that prosthetic designs have to be simplified to
facilitate fabrication with current technologies. In this
context, designers tend to disregard biological princi-
ples, instead opting for existing conventional design
methods that they are confident would work and pro-
vide partial functionality of the missing body part.
These conventional approaches guide the design pro-
cess of most of the prosthetic hands found in the litera-
ture. The designers will, in most cases, use standard
parts and mechanisms such as helical springs, screws,
cables, etc. Examples of such designs are reviewed in
the work of Belter et al.4 including descriptions of a
number of mechanical specifications. Many working
principles of a number of anatomical structures, like
finger pads, ligaments, tendons or skin that could
improve the performance of current hand prostheses,
are usually not present in their designs.4,5 One simple
example is to include sliding joints similar to the ones
found in the human finger instead of conventional
hinged joints.

3D printing is a relatively new, rising technology
that facilitates the manufacturing of parts with irregu-
lar and uncommon geometric shapes.6 The form-
freedom offered by 3D printing techniques has paved
the way for the application of new design approaches;
for example the non-assembly design approach.7,8

Current 3D-printed hands are based on a mechanical
inspired design, rather than a biological inspired
design. Previous hand prostheses produced by 3D
printing are typically articulated by hinged joints, are
assembled with screws and driven and stabilized by
cables or mechanical linkages.9–14 Others have rather
opted for 3D printed compliant mechanisms such as
joints and/or extensors of the fingers,8,15–17 but still
using conventional driving mechanisms. Bio inspiration
then serves as design alternative founded on the idea
that biological designs are different, and that in this dif-
ference new and smart solutions can be found that we
do not find in conventional technical approaches. By
studying something that is entirely different, gateways
to other worlds of solutions can be opened expanding
creativity. Bio-inspiration is not about simply copying
these other worlds, but about using this knowledge to
find new combinations of solutions that could be better
as compared to solutions just drawn from pure techni-
cal backgrounds. A few examples originating from this
include biarticular actuators by Sharbafi et al.,18 a roll-
ing robot by Lin et al.,19 a micro air vehicle by Nguyen
and Chan20 and a surgical steerable needle by Scali
et al.21 In the same way, following a design approach
inspired by human anatomy could improve the perfor-
mance of prosthetic hands.

The advantages of 3D printing could be used to fab-
ricate advanced, yet simple to print, prosthetic hands

based on the biological design principles in human
hands. A bio-inspired design approach could be a more
practical way of incorporating new beneficial features
into a prosthetic hand instead of mimicking the biologi-
cal structures with synthetic materials. In this study, we
therefore aimed to identify working principles in the
human hand that can be included in a new prosthetic
hand using 3D printing technology. We then applied a
bio-inspired approach to the design and fabrication of
articulated fingers that allows for the execution of mul-
tiple grasping patterns.

The human finger

Our bio-inspired design approach started with the
study of the biological assembly of the human finger:
the bones (links) and the structures that connect them
(joints). We then continued with an analysis of the ana-
tomic elements for force and motion control in order
to devise the transmission and actuation system (i.e.,
muscles, tendons, anatomical pulleys, and tendon
sheaths). Structures such as the nerves and veins are
out of the scope of this study, because their function is
not directly related to the mechanical performance of
the finger. A human finger consists of four rigid bones,
starting from proximal to distal, the metacarpal (MC),
proximal phalanx (PP), middle phalanx (MP), and dis-
tal phalanx (DP). The interconnecting joints are the
metacarpophalangeal (MCP) joint, the proximal inter-
phalangeal (PIP) joint, and the distal inter-phalangeal
(DIP) joint. Two different forms of joints can be distin-
guished in this regard: hinged joints that permit flex-
ion/extension and ellipsoid joints that also allow for
adduction/abduction (rotation around the dorsal-
palmar direction). This corresponds to 1 degree of free-
dom (DoF) at the PIP and DIP joints (hinged) and 2
DoF at the MCP joint (ellipsoid), respectively. More
distinctively, in the hinged joints, there is a tongue
along the convex surface and a groove along the con-
cave surface of the joint, this helps to prevent lateral
translation (Ulnar-Radial directions, see Figure 1).22

Ligaments connect the bones of the hand to one
another. Their main role is to stabilize the joints and
constrain the range of motion of the bones. The collat-
eral ligaments are found on the lateral sides of the
joints, see Figure 1; the proper ligament is attached
eccentrically with the shape of a cord and the accessory
ligament initiates from the center of rotation of the
proximal side of the joint and is fixed to the palmar
plate in a fan shape. These two ligaments restrict trans-
lation of the bones to the distal direction of the finger
and also movement to the Ulnar-Radial direction,22 see
Figure 1.

The muscles can be considered to be the actuators of
the finger, while the tendons are the structures that
transmit the force of the muscles to the bones. Two
groups of muscles and tendons are primarily used for
the flexion of the fingers, namely the flexor digitorum
profundus (FDP) and the flexor digitorum superficialis
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(FDS), see Figure 1. The FDP is the main flexor. The
FDS contributes to exert larger forces when the FDP is
not providing sufficient force. The mechanical config-
uration of the finger is therefore underactuated (more
DoF than actuators) during the flexion of the human
finger (3 DoF, 2 actuators). The central band of the
extensor digitorum communis (EDC) has the principal
role of extending the MCP joint. The lateral bands of
the EDC have two functions depending on the position
of the bands with respect to the center of rotation of
the joint: they can either aid to extend or flex the PIP
and DIP joint. As the phalanges move, the bands of
the EDC move to the other side of the center of rota-
tion providing a moment to the opposite direction and
favoring the flexion of the joints.22 Interestingly, the
flexor and extensor tendons inside the hand have differ-
ent cross-sectional area shapes depending on the func-
tion and location. For example, the tendons of the
FDS have an oval shape over the region of the MCP
joint, they flatten close to the middle of the PP and
then it splits into halves.24

The sheaths and pulleys form a kind of ‘tunnel’ that
keeps the tendons in place and constrains their excur-
sion. They fulfil the role of keeping the force delivered
by the flexor muscles perpendicular to the center of

rotation of the joint.25 Sheaths are located over the
anterior side of the finger and prevent the dislocation
of the extensor tendon. On the palmar side, fibrous
sheaths enclose the finger along its full length. A
sequence of flexible bands strengthens the fibrous
sheaths at intervals forming the pulleys.26

Design of the prosthetic hand

Simplifications for applications in body powered (BP)
hand prostheses

We continued our design by establishing a number of
basic (i.e., functional) requirements for the hand pros-
thesis based on the work by Plettenburg27: body-
powered (BP) control, cosmetic appearance, light
weight, and water/dirt resistance (materials resisting
any contact with water and dirt). A number of simplifi-
cations as compared to the human hand are therefore
considered in order to fulfil these criteria.

BP hand prostheses use a single driving input to acti-
vate the grasper. Individual finger control or multi-
degree of freedom thumb control are thus not feasible;
to comply with this requirement we decided for a static
thumb and four active fingers for the grasping action.

Figure 1. Anatomy of the finger. (Left) Dorsal aspect of the bones of the human hand. The metacarpophalangeal (MCP) joint, the
proximal inter-phalangeal (PIP) joint, the distal inter-phalangeal (DIP) joint, the tongue and groove configuration inside the joints and
collateral ligaments are shown. (Right) Ulnar aspect of the middle finger of the human hand. Also shown: The tendons of the flexor
digitorum profundus (FDP) and the flexor digitorum superficialis (FDS), the central and lateral bands of the extensor digitorum
communis (EDC) and collateral ligaments. For both images: (1) metacarpal bone (MC), (2) proximal phalanx (PP), (3) middle phalanx
(MP), and (4) distal phalanx (DP) are identified; anatomical directions can be seen at the bottom right corner (left) and upper left
corner (right). Modified and reprinted from Toldt et al.23 under a CC BY license.
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The movement of the active fingers can then be con-
trolled by a single driving link. This means that there is
one movement available, which is the simultaneous
closing of the four fingers. Furthermore, natural under-
actuation during the flexion of the human finger (3
DoF, 2 actuators) must be simplified to a single actua-
tor as well. Moreover, the number of DoF per finger in
the human hand is problematic from a mechanical
design standpoint, as every joint adds a force loss asso-
ciated with friction. We therefore decided to reduce the
number of DoF per finger from three to two by com-
bining the distal and medial phalanges into a single
link. As a result, each finger can be driven by a single
tendon-based transmission system guided by two rigid
pulleys connected at the end of each joint. In this way,
the FDP and FDS are merged into a single muscle-
tendon system. At the same time, force can be distribu-
ted to all fingers using a whiffle tree configuration
similar to our previous design.8 The pulley system is
simplified to only three annular pulleys per finger (one
per joint and one over the MC bone), since extra guid-
ing elements would increase the contact points of the
driving tendon and thus the friction associated with its
activation. In contrast with the biological counterpart,
lubricant fluids are not considered. The complex struc-
ture of tissues that holds the joints in position is also
reduced to spring-like elements that constrain the
motion to only one rotational DoF, that is flexion/
extension.

Working principles

The shape of the links and joints is based on the shape
of the human bone phalanges. The joints are designed
as circular hinged joints including a tongue and groove
contact at the centre of the lateral plane along the radial
line of the joint (Figure 2), thereby restricting the lateral
motion. The MCP joint is larger compared to the PIP
joint. The moment arm that can be exerted with the
driving cable is therefore larger at the MCP joint. A
reduction of the cross-sectional area of the phalanges
can be seen towards the centre, allowing for additional

space where parts of the driving mechanism can be
placed. The nominal size of the links is set to the aver-
age size of human bones of a sample of 253 males in the
USA, as described in the work of Vicinus.28 The size of
the palm and thumb are also based on this work. The
total weight of the prostheses must be below 400 g,
which is below the average weight of a human hand.29

The parts that return the phalanges to a straight
position are flexible strips that provide a spring-like
behavior. These elements can be easily bent and
stretched within the elastic region of the material and
are designed similar to the biological configuration of
the EDC tendons over the PIP joint, one central strip
running above the dorsal side of the bones and two lat-
eral strips, one along the ulnar direction and the other
along the radial direction of the bones (Figure 3, top).
As the phalanges bend, the lateral flexible strips stretch,
following a trajectory that reduces the moment arm to
the centre of rotation (Figure 3, bottom left and right).
Following the biological example, this creates less
opposing moment, which favors the grasping force as
the fingers bend. The range of closure is resisted for the
90� bending at both joints. As the joints exceeds the 90�
bending the lateral bands move beyond the centre of
rotation and start assisting the flexion. This is not the
case in this design since the fingers are never meant to
bend more than 90�. Note that these flexible elements
also have the role of stabilizing the joint for translation
and adduction/abduction. The joint stabilizes for
hyperextension once the driving system (tendons and
whiffle tree mechanism) is assembled.

The mathematical formula describing friction in belt
drives (Eq. 1) describes the case of cables moving
around fixed circular surfaces. The ratio between the
pulling tension in the direction of the moving cable T2

and the tension at the other end of the surface T1

depends on the coefficient of friction between the cable
and the surface ms and the angle of contact Y. On this
basis, a tendon-based driving system that provides a
smooth change between the inlet and outlet directions
of the pulleys of the phalangeal joints reduces the force
loss associated to friction. In other words, the angle Y

Figure 2. The design of the links of the prosthetic finger.
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should be kept close to 0� (Figure 4, right); this can be
achieved by designing a driving ‘‘tendon’’ that bends
over predefined points located in the space between
pulleys. In these spaces the tendon can bend and follow
the shape of the flexing finger while the segments of the
tendon in contact with the pulleys remain stiff (difficult
to deform), thus preventing sharp bending angles over
the pulleys. The dashed lines in Figure 4, right show a
tendon with no predefined bending points forming the

angle Y#. Note that angle Y# is larger than Y, indicat-
ing less friction force involved. The tendon bending
points can be defined by modifying the geometry of the
cross-sectional area of the tendon at certain segments
(points identified with A and B in Figure 4, left) similar
to the flexor tendons in the human hand. These seg-
ments have flatter cross-section while the nominal value
of the cross-sectional area is kept identical to the rest of
the tendon, that is the tendon is flatter but wider at
those points. This provides low bending resistance of
the cable at those flat points but maintains the same
tensile strength at every point of the cable. To reduce
the friction even further, the contact surfaces between
the cable and the pulleys are rounded to reduce sharp
interactions. The pulley therefore has a circular profile
to the dorsal direction of the finger (where the pulley is
in contact with the tendon), reducing the action of the
normal forces on the contacting surfaces.

T2 =T1e
msu ð1Þ

Design choices for 3D printing using the material
extrusion technology

An Ultimaker 3 FDM printer utilizing multi-material
extrusion technology was used to fabricate the design
proposed in this study. This type of FDM process per-
mits the deposition of materials with different mechani-
cal properties. In this way, a material with a low elastic
modulus can be 3D printed together with a material
with a high elastic modulus. For the manufacturing of
each finger, the phalanges (i.e., stiff ‘‘bony’’ parts) were
3D printed using Ultimaker� polylactic acid (PLA)
(Ultimaker B.V., Utrecht, The Netherlands), while the
connecting parts that keep the joints together (i.e., flex-
ible ‘‘ligament’’ parts) were printed using Ultimaker�

Figure 3. The design of the links and the connections. (Top)
The design of the MCP joint with strip elements (‘‘EDC
tendons’’) in blue. (Bottom left) Note that in the straight
configuration, the line of action of the extension force (Fext) is
above the center of rotation (CoR) of the MCP joint. (Bottom
right) The MCP joint in a flexed configuration; note that the line
of action of Fext is closer to the CoR.

Figure 4. The design of the driving tendon. (Left) A and B represent the corresponding cross-section area at the points indicated
by the lines. B is significantly flatter. However, both A and B have the same area. (Right) A close-up view of the pulley at the MCP
joint. The angle of contact u between the cable and the circular surface (pulley) is shown. The dashed points in green indicate the
lines of action of T1 and T2 if the tendon had the same cross-section area along its full length. The tendon would bend around the
shape of the pulley. Note that u# is larger than u.
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TPU 95A thermoplastic polyurethane (TPU)
(Ultimaker B.V., Utrecht, The Netherlands). The
design was prepared in such a way that the TPU parts
were embedded into the PLA parts during the 3D
printing process, thereby creating fully assembled struc-
tures. Similarly, the finger pads were also fabricated in
TPU together with the phalanges, embedding parts of
the finger pads to the distal part of the fingers and
thumb. As a soft material, TPU is able to deform elas-
tically around an object’s shape when pressed against
it, increasing the friction over the finger pads and
thereby enhancing grasping.

The parts fabricated in TPU are designed to stretch
during maximum flexion before yielding. This elastic
deformation provides spring-like behavior that returns
the fingers to an extended position. A relatively low
cross-section area (1.2mm2) is chosen to facilitate bend-
ing and tensional deformation. This is an important
decision, because the force needed to achieve the flexion
of the fingers should be relatively low in order to mini-
mize user fatigue. Furthermore, the lengths of the TPU
parts are selected such that sufficient elongation is pro-
vided for the full range of motion, while preventing
extensions beyond the yield point, i.e. an extension of
less than 55%.30

The tendons that comprise the transmission system
are 3D printed in Nylon in a second printing job. This
material is both strong and ductile, allowing relatively
high bending angles without failure, and has a low
coefficient of friction.31 The nominal cross-section area
is set to 4mm2, ensuring sufficient strength to prevent
yielding below a tensile load of 110 N per finger (taking
the yield stress as 27.8MPa31). The transmission system
can then hold a total activation force of 440N without
risk of failure. This is beyond the average operational
forces reported in Hichert et al.32 Additionally, each
tendon has a geometrical profile that reduces the inter-
action with the pulleys to round contacts in order to
reduce the friction. The tendons are assembled manu-
ally by inserting them through the tip of the finger pads
and the pulleys. Once the insertion is completed, the
tendon is fixed by mechanical contact between the PP
and the head of the tendon. The whiffle tree mechanism
is 3D printed in PLA and assembled by manually
inserting the four fixation points into the holes at the
end of each tendon.

Evaluation methods

The mechanical performance of the hand prosthesis
was evaluated using two criteria: (1) the energy
employed to execute a pinch grasp and the energy dissi-
pated when the prosthesis opens, and (2) pinch force
output due to contact between the thumb, index, and
middle fingers. These variables explain how easy it is to
operate the prosthetic hand in terms of the user’s
energy demand and how functional the grasping

function is in terms of the maximum magnitude of the
force that can be exerted to an object. For this reason,
an experimental setup based on previous work was
used.8,33 It consists of two load cells and a displacement
sensor. A Zemic FLB3G-C3-50 kg-6B (Zemic Europe
B.V., Etten-Leur, The Netherlands) load cell was used
to measure the input (pulling) force and a FUTEK
LLB130 (FUTEK Advanced Sensor Technology Inc,
Irvine (CA), USA) load cell housed by a 11mm-thick
cover was used to measure the pinch force. The displa-
cement sensor measures the movement of the cable
associated with the activation force of the prosthesis.
The hand prosthesis was mounted on the test bench by
fixing the palm to the frame and connecting the displa-
cement sensor and the load cells. One load cell was
fixed to the thumb’s finger pad and the other load cell
was connected together with the displacement sensor to
the whiffle tree mechanism’s driving link via a steel
cable. An input force was then exerted to the prosthesis
by pulling from the cable. No human subjects were
involved to test the hand prosthesis.

The energy dissipated by the prosthesis is obtained
by measuring the energy used to close (Ec) the device
and the energy returned (Er) when the fingers open to
the initial state. The energy dissipated is then the differ-
ence Ec2Er. The energy utilized in each event could be
calculated as the integration of the cable forces along
their related values of cable excursion. The procedure
to measure the variables of interest is described as fol-
lows. First a full closing and opening cycle for a pinch
grasp (until the index and middle fingers meet the
thumb); and second, closing and pinching the pinch
load cell until an actuation force of 100N was reached.
Each experiment was repeated five times. An average
and a standard deviation were calculated for each vari-
able. Note that the 100N is applied to the whiffle tree
mechanism, which equally divides the force to each
moving finger (25N per finger).

Results

The 3D printed prosthetic hand was fabricated using
three materials (i.e., PLA, TPU, and Nylon). The total
weight of the device is 92 g and its total material price
is ’12US dollars. The neutral pose of the hand is with
the fingers fully extended. The hand is actuated by a
conventional pulling cable used in BP prostheses that is
connected to the coupling of the whiffle tree mechan-
ism. The whiffle tree mechanism distributes the force to
the four tendons which bend all fingers simultaneously
as pulled. The hand can perform power, pinch, and tri-
pod grasps as shown in Figure 5. The force versus dis-
placement curve and the pinch force measurements are
presented in Figure 6. The energy used to close the
prosthesis is 0.380Nm6 0.053 (mean6SD) and the
energy dissipated is 0.324Nm6 0.055 (mean6SD).
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The pinch force measured for a 100N input force is
16.84N6 0.88 (mean6 SD).

Discussion

The design described in this manuscript demonstrates
several bio-inspired design features and was successfully

produced using 3D printing. The device is capable of
executing different grasping patterns due to the adap-
tive grasping provided by the articulated fingers and the
whiffle tree mechanism. The assembly of the hand was
minimized to two post-processing operations besides
the usual support removal after 3D printing: (1) the
insertion of the Nylon tendons and (2) the assembly of
the force distribution system (i.e., the whiffle tree
mechanism). No extra parts or tools were required. The
main body of the hand, the phalanges and the connect-
ing elements are 3D printed simultaneously with PLA
and TPU taking 20h of printing time. The four driving
tendon elements and the whiffle tree mechanism take
4 h and 3.5 h respectively. The 3D printer was used with
the following settings: nozzle diameter: 0.4mm, layer
height: 0.15mm, and infill: 15%. Assuming a peak
power consumption of 221W (from the technical data-
sheet of the manufacturer) the total energy usage can be
estimated as 5.97 kWh for a total running time of 27 h.
The average electricity price in the Netherlands is
23 cents of euro per kWh, which at the current exchange
rate yields a total energy cost of 1.5US dollars for pro-
ducing the hand.

The manufacturing advantages of the 3D printing
technology were conveniently used to fabricate an
assembled mechanical device. Multi-material printing
has proven to be particularly advantageous when build-
ing parts that are required to present different mechani-
cal properties at different areas. It is worth noting that
different combinations can be 3D printed, even if the
materials are not bonding properly onto one another
during their deposition. In our design two materials
(PLA and TPU) can be 3D printed simultaneously, by
embedding one of the materials into the other, thereby
creating mechanical interlocking. This interlocking can
withstand enough loads for the intended purpose
because a high stress is never applied to these structures
during normal actuation of the hand (less than 90�
bending per joint). These embedded parts are only sub-
jected to the load of the TPU strips stretching during
the flexion of the finger, which compared to the load at
the PLA sliding joints is very low. On the other hand,

Figure 6. The mechanical test. (Left) Cable displacement versus the input force for a closing-opening cycle. (Right) Input force
versus pinch force.

Figure 5. The grasping patterns. (top left and right) Pinch
grasping, (middle left and right) power grasping, (bottom left and
right) and tripod grasping.
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the mechanical properties of these interlocked struc-
tures are mostly unknown. We encourage a study of
the mechanical properties of the embedded TPU parts
in PLA given different geometrical and 3D printing
parameters because the mechanical behavior could be
optimized and used in future designs and applications.

Surprisingly almost all research describing 3D
printed BP hand designs do not report pinch
forces.5,10,11,13,16,17 Just one other paper reports grasp-
ing force measurements of a 3D printed hand (0.5–1N
for precision grasping), but without their correspond-
ing activation forces.34 In our design the pinch force
achieved (16.84N @ 100N activation force) is superior
to other fully 3D printed BP prosthetic hand (;6N @
100N activation force)8 but still below that of conven-
tional BP hand prostheses (20–58N @ 100N).33,35 The
commercial BP hands that are usually produced in a
factory or a specialized workshop with conventional
production processes have a higher pinch force at the
same activation force, but are accordingly more expen-
sive and usually heavier and/or have no articulated fin-
gers.35 Due to lack of data regarding the mechanical
evaluation of other 3D printed BP hands in the litera-
ture, it is impossible to establish direct comparisons.5

The increase in the pinch force (. 100%) compared to
the current status of a 3D printed prosthesis is, never-
theless, noteworthy. This suggests better grasping and
implies superior performance for the activities of daily
life. The input force needed to start a pinch grasp
(;30N) and the energy required (0.380Nm) are how-
ever higher than that of the other 3D printed hand (16–
18N, 0.104Nm, respectively),8 but nonetheless lower
than most of the conventional BP prosthetic hands
(;30–85N, 0.720–2.292Nm, respectively).33,35 This
data indicates that this bio-inspired prosthetic hand is
capable of reaching a more suitable pinch force for
activities of daily living at the expense of a higher
energy cost. Our prosthesis might then be difficult to
use for a significant part of the users although our
prosthesis requires less activation force and shows bet-
ter pinch force/actuation force ratio than other conven-
tional prostheses already in the market.32,33 The
increase of force required compared to the current sta-
tus of 3D printed hands is therefore problematic and
requires further development. A key challenge for the
future is then to reduce the activation force and
improving the pinch force/actuation force ratio. More
testing would be required to evaluate user fatigue, as
even though it requires less energy to use than conven-
tional prosthetics, it does require more energy than
other 3D printed hands. The implications of this are
also user-dependent; contractions up to 15%–20% of a
muscle’s peak force can be largely fatigue-free,36 mean-
ing the user’s physical strength plays a large role in the
rate of fatigue. To provide a deeper understanding of
the limitations of this design, a functional evaluation
involving prosthetic users would be highly desirable.

The amount of energy dissipated (0.324Nm) sug-
gests a damping-like dynamic of the joint, i.e. most of
the energy is dissipated rather than returned (Figure 6,
left). This can be explained partly by the friction still
remaining in the system and by the nonlinear and/or
viscoelastic response of the TPU to strain perturbation.
In other words, the motion of the joints depends on the
strain rate experience by the TPU strips and thus by
the activation velocity of the fingers. As described ear-
lier, the joint is stabilized by TPU strips and the return-
ing forces are provided by their elastic deformations.
During the experiment, the tension over the fingers was
completely released almost instantly after the pinch
grasp was achieved. For different releasing and tension
speeds, the response could be significantly different.
While the nonlinear mechanical behavior of industrial
TPU is well understood,37,38 in 3D-printed TPU it is
mainly unknown. As manifested in several investiga-
tions, 3D printed parts are highly anisotropic and
important differences can be found between the stan-
dard material and the one used for 3D printing.39

Further investigations on the influence of 3D printing
parameters in the mechanical behavior of TPU can
provide more understanding of its nonlinear behavior
and give better tools to design improved joint connec-
tions that reduce the energy dissipation for the current
application. Ideally the TPU connecting parts should
behave like a spring without damping. Alternatively,
other soft material suitable for FDM 3D printing could
be explored.

We identified new bio-inspired elements, based on
anatomical parts of the human finger, that were suc-
cessfully incorporated into a prosthetic hand design
and manufactured entirely by 3D printing technology.
The resulting prosthetic hand is body-powered and has
the following features: anthropomorphic shape, light
weight, adaptive grasping, articulated fingers, and mini-
mized post-printing assembly. The prosthetic hand is
also an accessible option due to its low production cost
and is therefore potentially suitable for places where
state-of-the-art prosthetic workshops are absent.

Conclusion

A BP prosthetic hand featuring bio-inspired articulated
fingers was designed and manufactured via multi-
material FDM 3D printing from three materials. The
pinch force measurements demonstrate that the pros-
thetic hand achieves higher forces as compared to other
3D printed prosthetic hands but do not match other
BP prosthetic devices. Nevertheless, other advanta-
geous features were included using the unique charac-
teristics of 3D printing technology. This prosthetic
hand incorporates new bio-inspired features, is body-
powered and has the following characteristics: anthro-
pomorphic shape, light weight, adaptive grasping,
articulated fingers, and minimized post-printing
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assembly. Summing the relatively low price of the
materials, these characteristics make the prosthesis pre-
sented in this work a feasible alternative for current
solutions in low-income countries.
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