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Design and validation of a 3D printed curved hydraulic cylinder for
a prosthetic wrist

Arine Burema

Abstract—Introduction: Amputees still experience problems
with the use of their upper limb prostheses, mainly in the lack
of comfort and functionality. This results in rejection of the
prosthesis or overuse injuries due to compensatory movements.
The comfort and functionality should be improved by reducing
weight and increasing the degrees of freedom. The wrist is an
important joint for increasing the mobility. And for reducing the
weight, another actuation method than the most available and
heavy electrically driven device should be used.

Methods: This study designs a hydraulic curved cylinder for
the application of a wrist joint. Because of the complex and
curved shape the manufacturing method used is 3D printing.
The functionality of three 3D printing methods (FDM, MJF and
SLA) and three sealing techniques (O-ring, X-ring, and Conus)
will be evaluated by testing the amount of friction and leakage
to find which configuration performs best and whether it results
in an efficient actuator.

Results: The SLA-cylinders and the Conus allowed the least
leakage. The combination of these two even resulted in zero
leakage. For friction the SLA and FDM-cylinders performed
equally, only the MJF-cylinder caused more friction. The SLA-
cylinder is the only cylinder that can hold a constant pressure
without leakage for 5 out of 8 pistons, when a 4 kg weight is
attached. Finally, only piston-cylinder combinations with piston
O-25 or Cylinder X.MJF do not match the requirements for the
maximum allowed leakage and adjustment torque.

Conclusions: The piston-cylinder combination of SLA-parts
and Conus perform the best. For the application of a wrist joint in
prostheses more research needed for the repeatability, scalability
and long-term performance.

Keywords: prosthetic wrist, hydraulic cylinder, 3D printing

I. INTRODUCTION

In the last few decades, research in the field of upper
limb prosthetics has been performed to develop and improve
the devices. The goal is to give people with an upper limb
deficiency the functionality of their missing limb back to
engage in their activities of daily living (ADL). The upper
limb plays an important role in performing these ADLs. A
prosthesis may help these people to live more independently
and enable them to participate in society. Thus, using a
prosthesis will increase their quality of life [1]. Ultimately,
the aim is to give these people the functionality of a healthy
human arm.

Nowadays, there are still many amputees that will not wear a
prosthesis because it does not meet their needs. The rejection
rates in recent studies vary from 9% to 44%, with children
and above elbow amputees having higher rejection rates [1],
[2]. Another study found that one third does not use their
prosthesis regularly [3]. The most common (81%) reason for
abandonment was limited functionality [1] and lack of comfort
(70%) [2]. Other reasons given by users are high weight,
difficult control, and bulkiness for electric hands [1]–[3]. But
with more functionality problems arise such as increase of

weight and complexity of control. So a trade-off needs to be
found between these properties.

To increase both comfort and functionality, the number of
degrees of freedom (DoF) can be increased. Especially the
three DoFs in the wrist are an important factor in reducing
compensatory movements [4]–[6]. These are the movements
made by the user to make up for the lack of DoFs in the hand
and wrist. These movements are mostly found in the shoulder,
elbow and trunk [4]–[6] and result in overuse injuries in the
long term [7]. Reduction of these compensatory movements is
an important step in improving the upper limb prosthesis.

So, while the wrist is an important joint for dexterity the
influence of the wrist in prostheses has been overlooked.
Most research focuses on the increase of the functionality
and cosmesis of the hand. By adding degrees of freedom in
the hand they provide different gripping patterns and more
anthropomorphic looking hands. In upper limb prostheses only
a few wrist designs are found, and most of these are passively
actuated and the light weight options only provide 1 DoF [8].
To reduce the compensatory movements and increase comfort,
these wrist DoFs should be increased.

Likewise, research has been focused on the development
in externally powered prostheses with myo-electric control,
that results in a heavy and bulky design. These factors also
reduces the comfort of the prosthesis. A previous literature
review found that the electrically driven prostheses are most
common, see Appendix E. These devices tend to have high
weight due to the presence of the motors. Thus low weight
alternatives such as the hydraulic actuation without the heavy
electrical elements needs more research to see if this is a
plausible solution in combination with the increase of wrist
dexterity.

To limit the size and weight of the wrist in the prosthesis,
such a hydraulic system can be applied as a rotational actuator
in the form of a curved hydraulic cylinder. This will eliminate
the translation from linear to rotational movement. And with
the use of coupled cylinders, no extra reservoirs are needed
outside the wrist mechanism, limiting the size.

To create this curved cylinder, 3D printing should be used
because this manufacturing technique is suitable for creating
such complex and hollow structures. Other benefits are low
costs for small quantities, customization, and light weight due
to the material used [9], [10]. It is also increasingly used for
building prosthetic devices. The majority of 3D printed devices
is used by children, due to the benefits of customization in
colours and the rapid adjustment in measurements when they
grow out of it [11], [12]. Again, within the 3D printed prosthe-
ses the focus is mainly on the hand mechanism and no focus on
the important wrist joint, which should be researched more.
Additionally, 3D printing for actuators is little investigated,
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especially for hydraulic systems. So, there lies an opportunity
to explore the usability of 3D printing for hydraulics.

In sum, amputees still experience hindrance to use up-
per limb prostheses. Examples of hindrances were lack of
functionality, resulting in compensatory movements; and dis-
comfort due to weight. So, research should work towards a
solution for these problems. Therefore, this study will design
and evaluate a 3D printed curved hydraulic cylinder to find
out if the combination of the manufacturing method and the
actuation method result in a functional working mechanism
for a prosthetic wrist joint. Specifically, the functionality of
three different 3D printing methods with hydraulics will be
evaluated by measuring the leakage and friction to find which
configuration performs best for this application.

To make a first step, this research will focus on 1 DoF. When
successful this may prove a stepping stone for the application
of more DoFs and general improvement of the wrist prosthesis
in the future.

II. METHODS

A. Requirements design

Requirements of the design need to be considered, such as
dimensions, weight, range of motion and cut-off values for the
torques. They will determine if the performance is sufficient
and are based on resemblance of a human wrist joint.

The dimensions of the cylinder should be equal to the
dimensions of a healthy wrist width, that has an average cross
section of 50mm [13]. But for ease of implementation a
maximum of 100mm is allowed.

The weight of the hand as percentage of the body weight
varies from 0.6% to 0.9% [14]. For a person of 70 kg and
using the lowest percentage this means a hand of 420 g. The
wrist is just about a quarter of the size of the hand, so it should
maximally weigh 100 g.

The range of motion for flexion-extension should be at least
130 degrees matching the range of motion found in a healthy
wrist [15], [16]. And the range of motion for pronation-
supination should be at least 150 degrees equal to the angle
of healthy wrists [17], [18]. For radial and ulnar deviation a
range of motion of 70 degrees is sufficient to mimic a healthy
wrist [16], [18]

For the system to perform with optimum efficiency, minimal
leakage is required. The goal for this system is to perform with
an efficiency of 90%, so maximal 10% of the total volume
of the cylinder is allowed to leak per rotation.

Likewise, the adjustment torques should be 0.5Nm, which
is 10% of the maximum torques people can perform. That is
on average 5Nm [19].

The static torque should be 1.5Nm. The wrist should be
able to hold an object of 2.5 kg plus the weight of a terminal
device of 0.5 kg.

B. Design specifications

1) Manufacturing methods: For the comparison of 3D
printing processes, three different processes are chosen. They
are all based on a different printing principle. The first one is
called Fused Deposition Modeling (FDM), this is the most

Fig. 1. The sealing options: X-ring (left), O-ring (middle), and Conus (right)

applied 3D printing method. This method is based on the
principle of adding layers by molten filament extrusion from a
nozzle and placing it on top of the previous layer. The second
printing method is called Stereolithography Apparatus (SLA).
In this printing method a liquid resin is hardened layer by
layer by applying UV-light. The third method is based on the
powder fusion principle, and is called Multi Jet Fusion (MJF).
Here the layers are attached by a layer of powder particles
and an adjacent that are heated and that way melted together.
More details about these 3D printing methods can be found
in Appendix A. The printing processes will have influence on
the accuracy, surface roughness and alignment of the model.
More accurate dimensions result in a better sealing over the
whole length of the cylinder. Poor dimensional accuracy and
a rough surface on the inside of the cylinder result in high
friction, leakage or both. Therefore the important dimensions
that have influence in the sealing performance are presented
and measured using a caliper. The performance will be tested
on the unprocessed cylinders straight from the printer. Because
of the curved shape, post-processing is difficult and therefore
disregarded.

2) Sealing techniques: In hydraulics, the purpose of the
sealing is to eliminate leakage. The compression of the sealing
ring is the most important factor of a good sealing. Other
factors are the roughness of the surface in the cylinder and
the permeability of the rubber sealing [20]. The compression
causes a force acting on the cylinder creating a good sealing,
but this force also generates friction. For this application with
these small dimensions three different sealing options are
available. Other sealing techniques are not applicable because
the dimensions of the outer diameter were not available under
15mm. Or they were not functional for a dynamic application,
where the piston moves up and down the cylinder. The sealing
techniques, Figure 1, included in this research are:

• O-ring, a widely applied sealing option, and available in
a wide variety of dimensions.

• X-ring, a variation on the O-ring, with an X-shape as a
cross-section, that eliminates torsion in the ring.

• Conus, a flexible cap that is used as sealing on top of the
piston in a syringe.

3) Design and dimensions: The design for this rotational
actuator is a curved cylinder with a curve of 180 degrees,
see Figure 2. This results in the maximal achievable rotation
of the piston. The cylinder is attached to a ground plate that
connects to the other parts. It also serves for the attachment
to the forearm of the prosthesis. The piston is attached to
the centre of the ground plate by means of the ruler, that
guides the piston to rotate around the central axis, through
the cylinder. The cylinder has two open ends to make printing
and removal of residual material easier. A plug closes of one
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Fig. 2. The SLA model of the piston-cylinder system with the names of all
the components

end of the cylinder and has the same groove to hold a sealing
ring. But for a leakage free closed end this plug is glued into
the cylinder. Due to the plug and thickness of the ruler the
maximal rotation of the piston is 155 degrees. For fluid to
enter and leave the cylinder a small opening is present at the
closed end of the cylinder with a nozzle attached to connect a
hose. The dimensional drawings of all the parts can be found
in Appendix C.

The dimensions of the available sealing rings determine the
inner diameter of the cylinders. The sealing ring the Conus
has the least amount of variation in dimensions and therefore
determines the dimensions for the other rings. The X-ring
and Conus lack coinciding dimensions. Thus, these sealing
techniques require cylinders with a different inner diameter.
The dimensions for the Conus cylinder are copied from
the syringe from which the Conus originates with an outer
diameter of 12.5mm. The X-ring that is closest to the outer
diameter of the Conus has a diameter of 12.83mm. So, the
dimensions become 12.5mm and 12.8mm, for the C-cylinder
for the Conus and X-cylinder for the X-ring respectively. The
O-ring is available in both outer diameters of these cylinders,
and therefore in both cylinders applied as a baseline. With the
minimal wall thickness of 1mm needed as design rule for all
three 3D printing methods the outer diameter of the cylinder
becomes 15mm [21]–[23].

Piston diameters are based on the cylinder diameter minus
1mm, to leave a clearance gap of 0.5mm between the
piston and the cylinder all around. The groove dimensions
of the pistons are based on the design guidelines where the
compression of the ring becomes 10% of the cord thickness.
For dynamic applications this compression is recommended to
be between 8% and 16% [20]. So, the thickness of the waist
diameter determines the amount of compression of the rings.
The pistons for the small O-ring (0-25) with cord thickness of
2.5mm have a waist diameter of 8.0mm. And piston X has
a waist diameter of 8.1mm for the X-ring and large O-ring
(O-262) with cord thickness of 2.62mm. The dimensions of
the pistons for the Conus are based on the dimensions of the

TABLE I
OVERVIEW COMBINATIONS

Piston FDM Piston SLA
C O X C O X

Cyl C FDM 1 2 - 13 14 -
MJF 3 4 - 15 16 -
SLA 5 6 - 17 18 -

Cyl X FDM - 7 8 - 19 20
MJF - 9 10 - 21 22
SLA - 11 12 - 23 24

Conus itself and the corresponding piston from the syringe.
More information about the calculations of the compression
can be found in Appendix B.

C. Comparison

The comparison of the three sealing options against three
printing processes, would results in nine different conditions.
But due to the fact that two cylinders are needed, and the
use of combining the different pistons with each cylinder, and
vice versa, more combinations are formed. The overview of
the combinations can be found in Table I. This ensures varying
one variable to highlight its influence on the performance in
the experiments. Both the influence of the printing processes
and the sealing techniques can be compared separately with
this method. Further, the MJF-pistons are not included for
testing due to the smaller dimensions that provide insufficient
sealing, see Table II. There is a piston with O-ring for both
cylinders, because the O-ring is available in both dimensions
that correspond to the cylinders for the other two sealing rings.
The results of these two will show the repeatability of the
implementation of the design rules and accuracy of the printing
technique for the different dimensions. So, this study includes
24 different piston-cylinder combinations for the experiments,
see Appendix D for the overview of the parts included.

D. The experiments

This study includes three different experiments to find how
much leakage and friction occurs for each piston-cylinder
combination. These two factors determine the efficiency of the
system. The optimal performance is low friction and minimal
leakage, but because they oppose each other, the goal is to
find the optimum between them.

1) Leakage test: The first test focuses on the amount of
leakage that occurs when the pistons is moved in and out of
the cylinder and compare these between the different config-
urations. To reach the efficiency requirements of a maximum
leakage of 10%, the maximum allowed leakage is 1.5mL per
rotation, as the volume of the cylinder is about 15mL. The
setup consists of a piston-cylinder combination and a syringe
filled with water, connected by a tube. At the start position the
syringe contains 60mL water and the piston remains inside
the cylinder. The outward motion is actuated by compressing
the water in the syringe and building up the pressure in the
cylinder to push the piston out. After the piston is at the end
stop, outside of the cylinder, the amount of water in the syringe
is noted. The inward motion is actuated by manually pushing
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the piston back into the cylinder. One full rotation consists of
an outward and inward rotation. When the rotation is complete,
and the piston back in the cylinder, the amount of water in the
syringe is measured. The rotation is repeated ten times and
the average leakage per rotation is determined to compare the
performance of each piston and cylinder.

2) Friction test: The goal of the friction test is to find
the force needed to rotate the piston into the cylinder. With
the pull force exerted on the ruler and piston the average
adjustment torques can be calculated and provides insight in
the amount of friction. Also, this test describes the consistency
and magnitude of the friction force throughout the curve of the
cylinder. The variation of the friction force indicates how the
inner diameter of the cylinder varies, as a smaller diameter
will result in higher friction.

The piston-cylinder system is attached to a tensile test bench
that includes a mobile element that measures the displacement
and a force sensor that measures the pull force, see Figure 3.
The cylinder is attached with two screws in the wooden plate
on the test bench to avoid the cylinder to rotate around the axis.
The pully attached on top of the ruler creates the translation
from linear to rotational motion. The radius of the pully ra
is 20mm that converts the 55mm displacement (s) limit of
the tensile test bench to a rotation θ of 157 degrees, see Eq.1.
This is closest to the full rotation of 155 degrees the inward
motion the piston can make.

θ = 360 · s

2 · π · ra
(1)

With the transmission of the pully the actuation or pull force
Fa remains perpendicular to the ruler, see Figure 4. Therefore
the measured pull force determines the adjustment torque Ma,
by multiplying it with the radius of the pully ra. This results
in the equation

Ma = Fa · ra. (2)

To eliminate other forces acting on the piston other than the
friction force Ff , no water is applied in the cylinder, and the
nozzle on the cylinder is not connected to a tube. This results
in a free flow of air between the cylinder and surroundings. So,
the pressure in the cylinder is assumed to be zero. Thus, the
friction force is the only force working against the movement
of the piston, causing a torque Mp on the axis. The arm rp is
the piston curve, so the torque is calculated with

Mp = Ff · rp. (3)

This test setup with low velocity of the mobile element of
around 1.6mm/s causes the pull force to be the minimal force
to overcome the friction, close to the equilibrium where Mp

and Ma are equal. So, the magnitude of the friction force can
be determined by

Ff =
Fa · ra
rp

. (4)

The arms have a constant value, ra is 20mm and rp is
42.5mm. So the friction force Ff remains a factor of 0.47
smaller than the pull force Fa.

Before the piston is placed in the cylinder it is lubricated
to minimize the friction. The model with pully on top needs
to be attached by the wooden plate with the protractor in
between and aligned to the curve of the cylinder, see Figure 3.
The piston start position needs to be out of the cylinder with
the cable wrapped around the pully. The cable needs a little
tension to stay coiled around the pully. The starting position
of the piston is at 160 degrees on the protractor. For every
experiment a new Labview document is created that measures
the force and displacement over time. One inward rotation is
measured. For the movement of the mobile element of the
test bench a wheel needs to be turned by hand, d in Figure
3. The velocity of the wheel was controlled by listening to
a metronome at 70 bpm, to provide similar velocities for the
mobile element. Reaching a displacement of 55mm on the test
bench ends the test. The pull force graph from the Labview
document is plotted against the displacement to eliminate the
influence of the velocity deviations. And the average torques
and maximum torques are calculated from the average pull
force and maxima in the graphs respectively.

3) Closed system test: This test imitates the real life situ-
ation of the joint in locked position, where no movement is
allowed. The goal is to find out how much pressure is built up
in the cylinder and what happens to the pressure over time.
The behaviour of the pressure gives insight in the friction and
leakage. The maximum angle of rotation allowed is 10 degrees
during the 20 seconds the weight is applied, to reach the 90%
efficiency of the system.

For this test two weight are attached to the ruler with a cord,
one of 2 kg and one of 4 kg, see Figure 5 for the setup. The
cylinder is attached to a wooden plate with two screws to avoid
rotation around the axis and placed vertically, so the weight
hangs perpendicular to the ruler and the piston is halfway
inside the cylinder. The pressure build-up in the system is
measured as well as the number of degrees that the piston
rotates in the cylinder. In this setup both the friction and the
leakage influence the pressure build-up in the system. The
forces present in the cylinder can be found in Figure 6. Where
Fa is the actuation force caused by the weight. The arm of
the actuation ra is 35mm, from the axis to the place where
the cord is attached to the ruler. When the piston turns away
from the horizontal position, the direction of the force Fa

on the ruler changes, thus changes the magnitude of the force
perpendicular to the ruler that causes the rotation. The angle of
rotation θ reduces the force with a factor of 0.98 for 10 degrees
up to a factor of 0.87 with a rotation of 30 degrees. These
changes in magnitude are small so they will be neglected.
The factor of change in magnitude is calculated with

Factor =
Fa · cos(θ)

Fa
. (5)

In this setup the force on the piston Fp working against the
movement and creating a torque Mp, consists of the friction
force Ff and the force caused by the water pressure Fw. So,
the force Fp is calculated with

Fp = Ff + Fw (6)
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Fig. 3. Test setup for the friction test with a) the model connected to a tensile test bench with a cable. The tensile test bench consists of b) a force sensor
with a hook to connect the cable, c) a mobile element with displacement sensor and d) a turning wheel for actuation. The sensors connect to a computer with
Labview to document the measurements.

Fig. 4. Forces friction test with the friction force (Ff ), the arm of the piston
(rp), the actuation force (Fa) and the arm of the actuation force (ra)

and creates the opposing torque Mp by

Mp = Fp · rp. (7)

The torque Ma caused by the actuation force Fa is cal-
culated just as in Equation 2. The pressure force Fw caused
by the pressure Pw acts on the top side of the piston. The
area Ap is 123mm2 for the C-cylinder and 129mm2 for the
X-cylinder. So, the force from the water pressure Fw becomes

Fw = Ap · Pw. (8)

In this setup the forces want to reach an equilibrium where
Ma is equal to Mp. The actuation force Fa is constant so the
friction force Ff and pressure development that creates the
pressure force Fw are the variables that influence this equilib-
rium. If the pressure build-up is lacking due to leakage, force
Fp is not sufficient to provide enough opposing torque Mp to
reach the equilibrium and results in continuous movement of
the piston. On the other hand, more friction causes a lower
pressure build-up necessary to reach the equilibrium.

The starting position is at an 90 degree angle, so the piston is
half inside the cylinder, which is filled with water. The valve is
closed, so there is no free water flow out of the cylinder. First,
the measurement program Labview starts the measurements.

Fig. 5. Test setup for closed system test, including a) syringe, b) Laptop
with Labview, c) closed valve, d) pressure sensor connected to laptop, e)
piston-cylinder system, f) weight of 2 kg

After a couple of seconds the weight is attached and the timer
is set for 20 seconds. When the time is up, the weight is
removed from the setup and the measurements in Labview are
ended.

III. RESULTS

A. Dimensions

1) Pistons: The dimensions of the pistons focus on the
groove dimensions of the piston and the piston curve, to
determine the accuracy and the alignment of the piston. They
both have influence on the performance of the sealing. In Table
II the original dimensions are shown, before adjustment. The
dimensions larger than the goal waist diameter can be adjusted
by removing the excess material, while smaller dimensions
must be rejected guaranteed they will not perform sufficient.
As they do not provide enough compression for a good sealing.
The final groove dimensions for the pistons used in the tests
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Fig. 6. The closed system test including the pressure (Pw), the force caused
by the water pressure (Fw), the friction force (Ff ), arm of piston (rp), the
actuation force of the cable (Fa) and the arm of actuation force (ra)

TABLE II
INITIAL GROOVE DIMENSIONS

Piston name Waist width Waist height Goal diameter
[mm] [mm] [mm]

pC.SLA 7.0 7.1* 7.0
pC.FDM 7.2 7.3 7.0
pC.MJF 6.9** 6.9** 7.0
pO.SLA 8.0 8.1* 8.0
pO.FDM 8.2* 8.3* 8.0
pO.MJF 7.8** 8.1 8.0
pX.SLA 8.1 8.2* 8.1
pX.FDM 8.1 8.3* 8.1
pX.MJF 7.8** 7.9** 8.1

* adjusted
** rejected

are shown in Table III. The dimensions of the piston length
and radius illustrate the accuracy error for the alignment, see
Table IV.

2) Cylinders: The dimensions of the cylinder that are
important are the inner diameters. The dimensions measured
at the opening of the cylinder are shown in Table V.

B. Leakage test

1) Pistons: The results of the leakage per rotation is shown
in Figure 7 for the C-cylinders and in Figure 8 for the X-

TABLE III
FINAL GROOVE DIMENSIONS

Piston name Waist width Waist height Goal diameter
[mm] [mm] [mm]

pC.SLA 7.0 7.0 7.0
pC.FDM 7.2 7.3 7.0
pO.SLA 8.0 8.0 8.0
pO.FDM 8.0 8.0 8.0
pX.SLA 8.1 8.1 8.1
pX.FDM 8.1 8.1 8.1

Fig. 7. Leakage per rotation in C-cylinders for the pistons C and O-25

Fig. 8. Leakage per rotation in X-cylinders for the pistons X and O-262

cylinders. And the leakage of each piston averaged over the
three cylinders is shown in Table VI.

2) Cylinders: The average leakage per rotation for every
cylinder, C-cylinder and X-cylinder combined, is 1.25mL for
SLA, 17.21mL for FDM, and 21.35mL for MJF.

C. Friction test

1) Pull force: The results of the pull force needed to
rotate the piston into the cylinder can be found in Figures
9 to 14. Each figure illustrates the pull force for each of the
cylinders. The course of the graphs demonstrates how much
force is needed throughout the curve of the cylinder. And the
spikes in the graphs represent a movement with alternations in
movement and stagnation. The forces for the SLA and FDM-
cylinders stay between 0N and 40N, while the forces in the
MJF-cylinder reach up to 70N and 80N for the X-cylinder
and C-cylinder respectively.

2) Torques: The average and maximum torques of each
piston-cylinder combination are illustrated in Figure 15 and
16. Cylinder MJF needs on average the highest average torque
of 0.45Nm and 0.57Nm for the C-cylinder and X-cylinder
respectively. It also has the highest difference between average
and maximum, due to the spikes. The FDM and SLA-cylinders
need on average the same amount of torque. Cylinder C.SLA
needs an average of 0.22Nm and cylinder C.FDM an average
of 0.23Nm. And cylinder X.SLA and X.FDM have an average
of 0.28Nm and 0.29Nm respectively.
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TABLE IV
PISTON LENGTH AND CURVE

Piston name Length in print Length in model Radius of print Radius of model
[mm] [mm] [mm] [mm]

pC.SLA 96.3 96.5 42.3 42.5
pC.FDM 96.1 96.5 42.2 42.5
pC.MJF 96.5 96.5 42.5 42.5
pO.SLA 96.3 96.5 42.4 42.5
pO.FDM 96.1 96.5 42.2 42.5
pO.MJF 96.5 96.5 42.5 42.5
pX.SLA 96.4 96.8 42.2 42.5
pX.FDM 96.4 96.8 42.2 42.5
pX.MJF 96.8 96.8 42.5 42.5

TABLE V
INNER DIAMETERS OF CYLINDERS

Inner diameter Inner diameter Inner diameter Goal diameter
height [mm] width [mm] diagonal [mm] [mm]

Cyl C SLA 12.4 12.3 12.4 12.5
FDM 12.5 12.5 12.4 12.5
MJF 12.7 12.6 12.6 12.5

Cyl X SLA 12.7 12.5 12.6 12.8
FDM 12.8 12.7 12.6 12.8
MJF 12.6 12.7 12.8 12.8

TABLE VI
PISTONS AND THEIR AVERAGE LEAKAGE PER ROTATION, ARRANGED

FROM LEAST TO MOST LEAKAGE

Type piston Average leakage
[mL]

pC.FDM 0.47
pC.SLA 0.62
pO-262.FDM 1.23
pO-262.SLA 1.35
pX.SLA 1.38
pX.FDM 1.43
pO-25.FDM 2.83
pO-25.SLA 3.95

D. Closed system

Figures 17 to 28 illustrate the results for the pressure
development in the different piston cylinder configurations.
The two conditions in weights of 2 kg and 4 kg that are
attached, are shown in separate graphs for each cylinder. When
the 2 kg is attached the values of the initial peak pressures lie
between 0.4 bar and 0.6 bar and the pressure values for the
4 kg condition lie between 1.2 bar and 1.6 bar. And only SLA-
cylinders are capable to keep the pressure constant, for 5 out
of 8 piston types. Angular rotation of the piston after the 20
seconds can be found in Table VII and VIII.

E. Torques versus leakage

The results of the leakage test and the torque average of the
friction test are plotted against each other. The same data is
plotted, but grouped differently. Figure 29 is grouped by cylin-
der and Figure 30 is grouped by piston. This overview gives
insight in the correlation between how much friction and how
much leakage occurs in each piston cylinder configuration. For
both parameters a low value is desired, so in the figures the

TABLE VII
ANGULAR ROTATION OF PISTON IN C-CYLINDERS

Piston Weight Angular rotation after 20 seconds [◦]
[kg] Cyl.C.SLA Cyl.C.FDM Cyl.C.MJF

pC.SLA 2 kg 13 - -
4 kg 20 - -

pC.FDM 2 kg 5 15 0
4 kg 15 22 18

pO-25.SLA 2 kg 15 60 -
4 kg 55 75 -

pO-25.FDM 2 kg 48 45 0
4 kg 55 65 22

TABLE VIII
ANGULAR ROTATION OF PISTON IN X-CYLINDERS

Piston Weight Angular rotation after 20 seconds [◦]
[kg] Cyl.X.SLA Cyl.X.FDM Cyl.X.MJF

pO-262.SLA 2 10 30 2
4 18 45 -

pO-262.FDM 2 12 20 5
4 40 50 35

pX.SLA 2 10 28 5
4 20 45 20

pX.FDM 2 10 17 5
4 15 47 27

bottom left shows optimum performance, where there is little
leakage and little torques. And wide spread in the data points
of a group equals low consistency in performance.

IV. DISCUSSION

The aim was to test and evaluate hydraulic 3D printed
curved cylinders. As in all new exploratory research, there
were limitations in the choices that were made. Firstly, the
tests and their set ups will be discussed. Thereafter, the results
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Fig. 9. The pull force of piston C and piston O-25 in Cylinder C.SLA

Fig. 10. The pull force of piston C and piston O-25 in Cylinder C.FDM

Fig. 11. The pull force of piston C and piston O-25 in Cylinder C.MJF

Fig. 12. The pull force of piston X and piston O-262 in Cylinder X.SLA

Fig. 13. The pull force of piston X and piston O-262 in Cylinder X.FDM

Fig. 14. The pull force of piston X and piston O-262 in Cylinder X.MJF

Fig. 15. Average and maximum torques for pistons in C-Cylinders

Fig. 16. Average and maximum torques for pistons in X-Cylinders
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Fig. 17. Pressure development in cylinder C.SLA with a 2 kg weight attached
for 20 seconds

Fig. 18. Pressure development in cylinder C.SLA with a 4 kg weight attached
for 20 seconds

Fig. 19. Pressure development in cylinder X.SLA with a 2 kg weight attached
for 20 seconds

Fig. 20. Pressure development in cylinder X.SLA with a 4 kg weight attached
for 20 seconds

Fig. 21. Pressure development in cylinder C.FDM with a 2 kg weight attached
for 20 seconds

Fig. 22. Pressure development in cylinder C.FDM with a 4 kg weight attached
for 20 seconds

Fig. 23. Pressure development in cylinder X.FDM with a 2 kg weight attached
for 20 seconds

Fig. 24. Pressure development in cylinder X.FDM with a 4 kg weight attached
for 20 seconds
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Fig. 25. Pressure development in cylinder C.MJF with a 2 kg weight attached
for 20 seconds

Fig. 26. Pressure development in cylinder C.MJF with a 4 kg weight attached
for 20 seconds

Fig. 27. Pressure development in cylinder X.MJF with a 2 kg weight attached
for 20 seconds

Fig. 28. Pressure development in cylinder X.MJF with a 4 kg weight attached
for 20 seconds

Fig. 29. Correlation of leakage versus average torques, grouped per cylinder

Fig. 30. Correlation of leakage versus average torques, grouped per sealing

will be set apart and interpreted, keeping these limitations in
mind.

A. Evaluation initial requirements

The model used does not meet all the requirements drawn
up at the start. For the ease of implementation the outer
dimensions are twice the size they should be. The dimensions
of the limited available sealing rings influences the diameter
of the cylinder and with that the curve the cylinder can
make. The 155 degrees range of motion of the piston-cylinder
meets the requirements of each desired range of motion drawn
up for each DoF. The piston-cylinder systems do meet the
weight requirements to be below 100 g, but due to the scaling
and limitation to one DoF this does not provide enough
information.

B. Method limitations

1) Design and dimensions: To eliminate the accuracy errors
for the groove dimensions the waist diameters for the O
and X-pistons were altered, to obtain the right diameter and
compression. However, the width of the groove was not taken
into account because it was assumed that this would not
influence the compression. Likewise, the dimensions of piston
C.FDM were not altered, because the groove width was too
small to remove the excess material with filing.

Due to the elimination of the MJF-pistons, the accurate
dimensions for the alignment could not be used to determine
its influence. But due to the groove dimensions being a
variable as well, the influence of the alignment cannot be
derived well and therefore not discussed in the results.
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The dimensions of the cylinder were difficult to measure,
only the inner diameter at the opening was measured. This
only reflects a small proportion of the dimensions of the
cylinder. The rest of the information about the dimensions of
the inner diameter and the consistency throughout the curve
can to be collected from the friction results. Because of the
relation between the inner diameter and the friction.

During the test some problems in usage of the design
arised. The connection of the piston and ruler proved to be
a weak point. When friction on the piston is so high to
prevent movement, this creates torque in this connection that
leads to fraction. This mainly happens when majority of the
piston is outside of the cylinder and able to deviate from the
desired rotation curve. One way to resolve this is to reduce
the friction in the cylinder. Otherwise the connection needs to
be strengthened, for example by printing this element as one
part.

2) Leakage test: A limitation of the leakage test was the
manual actuation. This leaves room for variation in the amount
of force that is applied. Also, no information about the amount
of force is collected. However, it is a good indication for how
the system would be used for a real life situation, by applying
enough force needed to move the piston. The actuation of
the inward motion is different from the outward motion. For
the inward motion the friction is overcome by the torque
of the hand, while the outward motion needs to overcome
the friction by the increase of pressure. But changing one
of these two actuation methods leads to creating a vacuum
that only works to move the piston if the sealing is sufficient.
Otherwise air flows into the system through the sealing. So,
the current method of actuation performs best in demonstrating
the leakage.

3) Friction test: Here a limitation was the actuation of the
tensile test bench. It was actuated manually by rotation of
the actuation wheel. This way there is room for inconsistency
in the velocity of the movement. In the results this influence
was removed by plotting the displacement against the pull
force. An alternative way to remove this error is by replacing
the manual actuation by a motor with a designated velocity.
Furthermore, the increase of the velocity could reduce the
spikes in the graph, because it reduces the time the pull force
needs to build up and overcome the friction again. Thus, the
velocity of the movement should be explored to understand its
influence on these factors.

The friction also causes the piston not to rotate the full
angle. Because of the higher forces needed to rotate, more
residual stress remains in the cable when the test bench reaches
the endpoint of displacement. So, to rotate the piston with
more friction the same angle, more displacement is needed.
Another problem that occurs in this test setup is that the cable
tension at the starting position was not equal. This results
in the force to build up faster and the whole course of the
graph shift to the left. This could be the case for piston
X.SLA in cylinder X.FDM, where the peaks are at an earlier
displacement than other pistons. Not altering the length of the
cable in between measurements and checking the cable tension
at the start should be able to prevent these errors. Further, the
displacement should be linked to the rotation angle to get a

better insight in where exactly in the curve of the cylinder
particularities such as high friction peaks occur.

4) Closed system: Because the direction of the actuation
force on the piston changes when the angle of the piston
changes, less force is applied in the direction of the rotation of
the piston. This way the constant force caused by the weight
decreases and does not acts as a constant force on the piston,
and makes it harder to determine the other forces. So, only
the pressure developments are compared, and the friction force
calculations are disregarded. The translation of movement with
a pully like in the friction test can be used to eliminate this.

Additionally, improvements can be made by increasing the
time that the weight is attached for more long-term results.
Also, the time after removing the weight can be increased, to
find more information of the residual pressure in the system.
Because the current results did not always reach an equilibrium
in pressure at the end, which is caused by the friction at
that location in the cylinder. More variations in weights or
an increasing actuation force can reveal the amount of force
needed for each piston to start moving. This provides more
information about the friction in that piston-cylinder system
that needs to be overcome.

C. Results

1) Design and dimensions: The performance of the hy-
draulic actuation depends on the sealing capabilities. And the
sealing capabilities depend on the accuracy of the dimensions.
The three important dimensions are the groove thickness, the
piston length and curve and the cylinder inner diameters.
The initial groove dimensions of the FDM-pistons are larger
than the goal dimensions, and the MJF-pistons have smaller
dimensions than its goal. The smaller dimensions of piston
C.MJF would not influence the compression much, but for
the other MJF-pistons the lower values results in insufficient
compression thus insufficient sealing. So, for ease of compar-
ison all the MJF-pistons are taken out of the comparison. The
SLA-pistons have the best accuracy, only the dimensions in the
waist height has an error. The waist height is in the direction of
the length of the piston, which was also the printing direction.
Here gravity may have played a role. So, for improving the
accuracy of measurements, the different printing directions and
its influence should be explored to find the optimum.

On the other hand, for the dimensions of the piston curve
and length the MJF-pistons score best. So, the MJF-pistons
have the best alignment. The FDM-pistons have the largest
error thus the worst alignment. The errors of alignment do
not reach the 1mm error that would cause problems with the
piston getting stuck in the cylinder. That only happens when
the error is larger than the clearance gap of 0.5mm on each
side. The error in alignment only will cause the compression
to change on the inner and outer curve of the piston. When the
piston is longer than it should be, it causes the compression
on the outer curve to become higher than 10%. That would
result in more friction on that side. And on the inner curve
the compression becomes less than the designated 10% and
that causes more leakage. So, poor alignment may result in
increase of both friction and leakage. However, the sealing can
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compensate for this imbalance of compression and decreases
the impact of the alignment on poor performance. Also,
compliance of the piston-ruler element can compensate for
the alignment error and reduce its influence.

The inner diameter of the SLA-cylinders are all smaller than
the goal diameter, the width has the highest error. This may
be caused by the fact that this is the printing direction and
the gravity causing these errors. As was the case in the waist
length in the SLA-pistons. All cylinder dimensions, except for
cylinder C.MJF, are smaller than or equal to the goal diameter.
The larger dimensions of cylinder C.MJF could cause more
leakage, due to reduced compression.

2) Leakage results: The leakage is caused by low compres-
sion due to poor accuracy in dimensions or rough surface. The
cut-off values of 1.5mL are met in 16 out of 24 configura-
tions. The configurations that did not meet the requirement
contains piston O-25 or cylinder X.MJF. When increasing the
requirement to a maximum of 0.75mL (5%) leakage, only
SLA-cylinders meet this requirement.

When comparing the sealing techniques the Conus has the
least leakage, thus the best performance. This is probably due
to the higher flexibility of the Conus, that has also a flexible
head not constraint by the piston. It works best with a smooth
surface and even reaches zero measurable leakage in the two
configurations with the SLA-cylinder.

The difference between the X-ring and O-ring (O-262)
is small, here the influence of the cylinder becomes more
apparent than the influence of the seal. However, on average
piston O-262 perform better than piston X. Due to the fact
that the O-ring and X-ring have the same piston, only the seal
itself is a variable within the same cylinder. O-262 only clearly
performs better in the MJF-cylinder. Here the O-ring works
better for the MJF-cylinder with more inner diameter variation.
While the X-ring performs better for the FDM-cylinder, with
a rougher surface quality.

The small O-ring (O-25) has the most leakage, caused by
poor sealing performance. This could be due to the dimensions
of the cylinder or the piston or the design rule influenced
by the available dimensions. Firstly, the larger dimensions
in the C-cylinders could cause the poor sealing, which has
less influence on the Conus. Secondly, the compression for
the X-cylinders is 0.3% higher, because the C-cylinders have
a diameter of 12.5 mm and the O-ring (O-25) is also 12.5
mm but the design for the X-cylinder has a diameter of 12.8
mm with and 12.83 mm X-ring and O-ring (O-262). This
biases the performance of the X-ring and O-262. Lastly, this
design rule of the 10% compression influences the piston
groove dimensions that cause poor sealing. Here the FDM-
piston compensates due to the smaller width and results in less
leakage. So, because these different variables all influence the
compression it cannot be highlighted which of these is cause
for the poor performance.

When comparing the SLA and FDM-pistons the groove
dimensions and alignment are the influencing factors. In most
cases, the FDM-pistons have less leakage due to the larger
dimensions of the groove width. This trend is more visible
in the C-cylinders than in the X-cylinders. Here, the larger
dimensions of the groove, thus more compression than the

assigned 10% has a positive influence on the sealing per-
formance. So, this influence of the compression should be
explored. This could be tested using pistons with varying waist
diameters that cause different amount of compression. Finally,
the influence of the alignment can only be determined if it is
the only variable present. In this test its influence cannot be
highlighted.

From the cylinder comparison it is clear that the SLA-
cylinders permit the least leakage. And the MJF-cylinders have
on average the most leakage. Whereas the FDM-cylinder has
the roughest surface, it performs better than MJF-cylinders.
So, this would mean that the divergent diameter of the MJF-
cylinder has more influence on the leakage than the rougher
surface of the FDM-cylinder.

Though, within the X-cylinders the most leakage occurs in
cylinder X.MJF for all pistons, in contrast cylinder C.FDM
has more leakage than C.MJF for most pistons. The poor
performance of cylinder C.FDM could be biased by the poor
performance of piston O-25, but piston C also performs worse
in this cylinder. So, the cause of this performance could be due
to the rough surface of the cylinder.

The piston-cylinder combination that has the least leakage
is cylinder C.SLA with piston C, which combination has zero
measurable leakage. With this method it is possible to create
a leak-free piston cylinder configuration.

3) Friction results: The comparison of the sealing tech-
niques illustrates that the O-25 pistons have more spikes than
the C pistons of the same printing technique. This difference
is most apparent in cylinder C.MJF (Fig. 11). Where the
difference in magnitude of the force is not equal to the increase
of the spikes. So, the Conus is less prone to spikes in the graph.
Possibly, this is due to the compliance or softer material of
the Conus. As it is the only sealing that shows no spikes, and
the only one with different material.

Further, the performance of the X and O-262 pistons are
evenly matched. The only apparent outliers are the shift in the
graph of piston X.SLA in cylinder X.FDM (Fig. 13) and the
high peak of piston O-262.SLA in cylinder X.SLA (Fig. 12).
The shift in the graph of piston X in cylinder X.FDM could
be caused by a higher tension in the cable resulting in a faster
force build-up and reaching the places where peaks are at an
earlier displacement. To avoid these measurement errors the
cable tension should be kept the same by not altering the cable
length in between measurements and monitor the cable tension
at the start position. The high peak of piston O-262.SLA in
cylinder X.SLA could be due to an error in start position, as
in the SLA-cylinder the inner diameter towards the opening
becomes smaller, which causes more friction.

The FDM-pistons have on average a higher friction com-
pared to the SLA-pistons, as a higher pull force is needed. In
cylinder C.SLA the SLA-pistons even follow a different curve
in the second half of the cylinder where less force is applied.
They split after a displacement of 20mm. This difference for
piston C is due to the unaltered dimensions of piston C.FDM.
The larger dimensions of the waist cause more compression of
the Conus thus a higher friction force. For pistons X and O the
groove measurements of the waist of the groove was adjusted
to be equal. But the measurements of the groove width were
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not taken into account. After the measurements was found that
the FDM-pistons have a smaller groove width, that causes the
ring to be limited in expansion when compressed between
cylinder and piston. This further increases the compression
and the friction caused by the compression.

Compared to the other cylinders, the FDM-cylinders have
the most consistent amount of forces needed. So, these cylin-
ders have the most consistent diameter. The highest forces
occur in the MJF-cylinders, meaning this cylinder causes the
most friction. The peaks in the graphs of the FDM and MJF
cylinders expose that the diameter narrows and causes more
friction at that point in the cylinder. For cylinder X.MJF the
top of the peak is around 33mm displacement. And in cylinder
C.MJF the peak is found at a displacement between 35mm
and 40mm, here is shown that when the pull force is higher
the peak is at a higher displacement. This corresponds to the
angle displacement being influenced by the friction increase as
is discussed in the method review. In contrast, the curve of the
pistons in the SLA-cylinders shows a force decrease around
a displacement of 20mm. This indicates a larger diameter in
the middle of the curve in the SLA-cylinders.

4) Closed system: The amount of leakage and amount of
friction both have influence on the pressure build-up in the
system. Higher friction causes a lower equilibrium, initial
pressure peak, and the residual pressure after the weight is
removed. And the leakage is seen in the decrease of pressure,
but also in the lack of pressure build-up. How fast the pressure
decreases shows how much leakage occurs. And the minima
of the spikes helps to explain the amount of pressure that is
needed to keep the system in equilibrium and how much force
is needed to overcome the friction.

The leakage causing lack of pressure build-up is only visible
in the results of piston O-25.SLA in the FDM-cylinder. Here,
the leakage is significant so the pressure does not build
up as much as the other pistons in the same cylinder. The
performance of this piston also results in significant amount of
leakage and low friction in the other tests, thus has insufficient
sealing.

Further, the influence of high friction on the pressure
increase is clearly visible in the results of piston X.FDM
in cylinder X.SLA. The equilibrium of the pressure after
attaching the weight is significantly lower than other pistons
in the same cylinder. The pressure does not decrease while the
weight is attached, so there is no leakage. Also, after removing
the weight the pressure does not decrease much. So, these
deviations are caused by high friction.

The differences in piston C and piston O-25 are visible in
the amount of leakage and amount of spikes. The residual
pressure after the 20 seconds of piston C is always higher
than the corresponding piston O-25. So, this confirms that
piston C has less leakage, as was found in the leakage test.
When piston C does have a decreasing pressure, less spikes
occur than in piston O-25. So, just as suggested in the friction
test, the spikes are caused by the hardness and thus sealing
abilities of the sealing ring, as the spikes also occur for the
X-ring and large O-ring (O-262). This would not create a
higher friction necessarily, but less compliance of the ring for
a smooth movement especially for inconsistent cylinder walls,

without stagnation. In cylinder C.MJF, piston C has a higher
initial peak pressure than the O-25-piston at 4 kg, that would
mean a higher friction for piston O-25. However, the results
of the friction test demonstrate that the O-25 pistons do not
have higher friction on average. So, it could be higher friction
on that specific location in the cylinder, or be influenced by
the more flexible Conus that moves through the narrow place
of the MJF-cylinder more easily.

When looking at the difference between the O-262-pistons
and X-pistons, the most deviating results are from piston O-
262.FDM. It is the only piston that experiences leakage in
the SLA-cylinder, that results in a lower peak pressure and
decreasing pressure over time. Also, in the FDM-cylinder this
piston reaches a lower initial peak pressure. This is not caused
by increased pressure because it reveals no lower pressure in
the MJF-cylinder. However it has a faster decrease in pressure,
so, the deviations of this piston are caused by leakage.

The differences between the FDM and SLA-pistons can
be found in cylinder X.FDM where the FDM-pistons have
a faster pressure decrease. So, they have more leakage, which
is the opposite of the results in the leakage test where the
FDM-pistons had more leakage than the SLA-pistons. This
could be caused by the fact that the closed system test does
not take into account the full curve of the cylinders, which
suggests more leakage for the SLA-pistons occurs at the side
of the opening of the cylinder. Secondly, the pistons that
do not move in cylinder C.MJF with the 2 kg attached are
FDM-pistons, as no pressure build-up and no angular rotation
takes place. This confirms the higher friction of the FDM-
pistons due to the dimensional errors. In the other cylinders
this appears as a lower initial pressure peak, especially when
there is no pressure decrease. So, the trend between FDM and
SLA becomes more unclear in this test. The other variables
overshadow the influence of the piston type.

The comparison of the cylinders reveals that the spikes
occur mostly in the FDM-cylinder. Further, only the SLA-
cylinder keeps a constant pressure over time. And in de MJF-
cylinder 6 out of 8 pistons do not build up any pressure.
Firstly, the spikes in the FDM-cylinder could be caused by
the rougher surface quality of the FDM-cylinder. That is
what differentiates the FDM-cylinder from the other two. The
FDM-cylinder also causes the pistons to rotate the most. The
spikes occur when there is both leakage and friction present,
like for piston O-25. So, the rougher surface increases both
leakage and friction. Secondly, The SLA-cylinder performs
best because it is the only cylinder that keeps a constant
pressure over time. This is true for 6 out of 8 pistons. The
pistons that do decrease are due to insufficient sealing, namely
piston O-25. Finally, the lack of pressure build-up in the MJF-
cylinder means the 2 kg weight is not enough to overcome the
high friction forces in this spot in the cylinder. The friction
test also measured forces higher than 20N needed to move,
which indicates a narrower inner diameter in the middle of the
cylinder curve.

5) Torques versus leakage: In the plot of the leakage
against the torque can be seen which configurations meet
both the cut-off values for the maximal leakage of 1.5mL
per rotation and the maximum average torque of 0.5Nm. The
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piston-cylinder combinations that exceed these values mostly
contain either a piston O-25 or MJF-cylinder or both. So these
elements cause the system not to perform sufficiently. Overall,
15 out of the 24 configurations perform sufficiently. This
overview reveals that the SLA-cylinders performs best, causing
the least leakage and friction combined. The performance of
the pistons presents a less clear trend, but the piston with
the highest consistency is piston C. All but one combinations
including this piston meet the cut-off values. This is due to
the poor performance of the MJF-cylinder and the dimensional
error of piston C.FDM that causes exceeding friction values.

D. Recommendation and further research

An additional static test can be performed to exclude the
friction and only focus on the influence of the leakage on
pressure build-up. In this setup the piston is fixated in the
cylinder and the pressure is built up by flowing more water
into the cylinder. This way the measured pressure is solely
caused by the performance of the sealing. The drawback of
this test is that only the performance of the sealing in that spot
in the curve of the cylinder is measured. For more information
on the whole cylinder, it needs to be repeated over different
positions in the cylinder.

The next steps to improve this design are the implementation
of more DoFs and scaling it down to meet the requirements of
maximum dimensions of 50mm. Also, the amount of pressure
and torques the model can withstand could be increased to find
out how strong it is.

The printing method proven to perform best is the SLA.
However more research should be done in the repeatability
and into improving the consistency of the inner diameter.
Especially, the accuracy of dimensions in the printing direction
should be improved. Also, the influence of the current surface
roughness on life time of the sealing should be researched. As
a rougher surface faster wears out the rubber of the sealing.
To improve the surface quality, some smoothing techniques as
possible post-processing should be investigated, while keeping
in mind the accuracy of cylinders. These printing methods
could also be compared to other manufacturing techniques,
such as casting. The comparison of their performance on
leakage and friction can result in finding the optimal way to
manufacture a curved hydraulic cylinder.

V. CONCLUSION

The take-home message is:
• The majority of combinations reach the torque and leak-

age requirements. So, the curved cylinder is a sufficient
working mechanism.

• The SLA printing technique works best for this appli-
cation. In combination with most sealing techniques this
printing method leads to zero leakage in the locked posi-
tion in the closed system test. And only in combination
with the Conus it also results in zero leakage during
movement.

• The accuracy of the dimensions are the biggest problem
for leakage as it is the main cause for a poor sealing
performance. The varying cylinder diameter causes more

problems than a rougher surface quality. So, it is im-
portant to improve upon the consistency of the cylinder
diameter. The other critical dimensions that needs to
be controlled are the groove dimensions that provide
the compression of the sealing ring. This dimension
also needs to be optimized. Varying the compression
by adjusting these dimensions within the suitable range
could help find the optimal compression for minimal
friction and leakage.

• The current piston-cylinder system is a suitable working
mechanism, but there is still improvement needed on tol-
erances, long-term performance, repeatability of printing
and scalability of the model.
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APPENDIX A: PRINTING DETAILS

TABLE IX
PRINTING PARAMETERS

Print process Material Printer Layer height

SLA Clear V4 resin Formlabs Form 3 0.1 mm
FDM PLA Ultimaker 3 0.1 mm
MJF Pa-12 HP Multi Jet Fusion 0.08 mm

FDM properties [21]
• Low-volume production of complex end-use parts
• Prototypes for form, fit and function testing
• Prototypes directly constructed in production materials
• Accuracy is about 0.15% (lower limit on ≈ 0.2mm)
MJF properties [22]
• Low-volume production of complex end-use parts
• Prototypes for form, fit and function testing
• Prototypes with mechanical properties to rival those of

injection-molded parts
• Series of small components as a cost-effective alternative

to injection molding
• Accuracy is about 0.3% (lower limit on ≈ 0.3mm)
SLA properties [23]
• parts with smooth surfaces and fine details
• Low-volume production of complex geometries
• Prototypes for limited functional testing
• Accuracy is about 0.2% (lower limit on ≈ 0.2mm)

APPENDIX B: COMPRESSION SEALING

To determine the right groove waist GW first the desired
groove depth GD must be found. The cord thickness CT of
the sealing ring and the clearance gap CG determine this depth
by

GD = CT − (CG+ CT · Comp). (9)

Next, the groove waist GW is calculated by subtracting the
groove depth GD twice from the piston diameter P , in the
equation

GW = P − 2 ·GD. (10)

TABLE X
GROOVE WAIST AND COMPRESSION

Groove waist Compression for O-25 Compression for X
[mm] [%] and O-262 [%]

7.8 6 4.6
7.9 8 6.5
8.0 10 8.4
8.1 12 10.3
8.2 14 12.2
8.3 16 14.1
8.4 18 16
8.5 20 17.9
8.6 22 19.9

The table of groove dimensions and corresponding com-
pression is shown in Table X. Every 0.1mm the compression
changes 2%, and the accuracy of compression is lower for
the X and O-262. So, for the 10% compression a dimension
of 8.1mm comes closest, but is not exactly the desired
compression.

Fig. 31. Groove dimensions with groove depth (GD) groove waist (GW) and
groove width
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APPENDIX C: DIMENSIONAL DRAWINGS

Fig. 32. Dimensional drawing of piston C

Fig. 33. Dimensional drawing of piston O

Fig. 34. Dimensional drawing of piston X

Fig. 35. Dimensional drawing of the ruler
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Fig. 36. Dimensional drawing of cylinder C and corresponding plug C

Fig. 37. Dimensional drawing of cylinder X and corresponding plug X
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APPENDIX D: OVERVIEW PARTS

Fig. 38. Overview of all the parts and their names
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APPENDIX E: LITERATURE REVIEW 

 

Current developments in the design of prosthetic wrists:  

A literature review 

 

Abstract 

In the field of upper limb prosthetics research focuses to constantly improve the 

designs to make them more functional. Still, there is a large rejection rate, so the devices are 

not yet up to the standard of the user so that they will use them all the time. The focus of 

research has been greatly on the improvement of hand dexterity and left the field of the wrist 

prostheses overlooked. Thus, a shift is needed more towards the wrist joints of the upper 

limb prosthesis. 

This literature study investigates the current developments of the prosthetic wrist 

designs. Firstly, an overview of the currently available wrist designs is made and divided by 

number of degrees of freedom (DOFs), and DOFs incorporated. Twelve designs are laid out 

next to each other and their mechanisms are described.  

Next, the influence of the different DOFs is explored. Here the pronation/supination 

and flexion/extension give significant reduction in compensatory movements and improve the 

performance of activities of daily living (ADLs). A single DOF has some improvement, but 

combining these two provides even better results, as much as 21 DOFs added in the hand. 

Not much focus of research has been on the third DOF and its influence.   

These results give insight in which designs are out there and the prevalence of DOFs 

incorporated and mechanisms used. In this overview 2 DOF wrists as most prevalent and the 

radial/ulnar deviation is the least prevalent DOF. This overview can be used for comparison 

and support to choose for a certain approach in designing a new wrist prosthesis. The 

electrically driven prostheses with gears are most common, therefore the hydraulic system 

should be investigated for new opportunities. Also, the influence of certain DOFs show that 

the 2 DOF wrists are significantly better than single DOF devices in reducing compensatory 

movements and completion time. While the influence of the 3rd DOF is unknown.      

 Keywords: Upper limb prosthesis, wrist design, compensatory movements  
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I. INTRODUCTION 
In the last few decades, research has been performed in the field of upper limb 

prosthetics to develop and improve the devices. The goal is to give people with an upper limb 

deficiency the functionality of their missing limb back to engage in their activities of daily 

living (ADL). The upper limb plays an important role in performing these ADLs. A prosthesis 

may help these people to live more independently and help them to be able to participate in 

society. Ultimately, the aim is to give these people the full natural functionality of a healthy 

human arm. But with more functionality problems arise such as increase of weight and 

complexity of control. So, a trade-off needs to be found between these properties.   

  Nowadays, there are still many amputees that will not wear a prosthesis because it 

does not meet their needs. The reasons that are given by users are weight, discomfort, low 

functionality, too hard to control, and bulkiness for electric hands. In the adult population, the 

body-powered hands have the highest rejection rate of 65% compared to electric hands, 

body-powered hooks and passive hands, which rejection rates vary between 40% and 50%. 

Overall, about half of the persons with a limb deficiency do not use a prosthesis. (Biddiss et 

al., 2007) Thus, there is still need for improvement in upper limb prostheses to get devices 

that people are willing to use, that give more benefits than drawbacks.  

The currently commercially available prostheses are mostly a 1 DOF hand with a 1 

DOF wrist. This is strongly reduced in DOFs compared to a healthy arm. Combined with the 

increase of the weight this leads to the problem of compensatory movements. These are the 

movements made by the user to make up for the lack of DOFs in the hand and wrist. These 

movements are mostly found in the shoulder, elbow and trunk (Bertels et al.,2009; Carey et 

al., 2007; Hussaini & Kyberd, 2016) and result in overuse injuries in the long term. (Gambrell, 

2008) Reduction of these compensatory movements is an important step in improving the 

upper limb prosthesis. 

In the movements of a healthy person the wrist is an important joint to make natural 

and smooth movements. A healthy wrist has two DOFs, the first is flexion/extension (FE) and 

the second is radial/ulnar deviation (RUD). The third DOF considered in design of prosthetic 

wrists is the pronation/supination (PS) while naturally the pronation/supination is made by the 

radio-ulnar joint in the forearm. This way the designs of prosthetic wrists can be up to 3 DOF. 

These wrist movements are important for optimal positioning of the hand when manipulating 

objects.  

Most research has been focused on the increase of the functionality and cosmesis of 

the hand. By adding DOFs in the hand they provide different gripping patterns and more 

anthropomorphic looking hands. Also, research has been focused on the development in 

externally powered prostheses with myo-electric control, but this side of the control will be 

disregarded in this research. So, while the wrist is an important joint for dexterity the 

influence of the wrist in prostheses has been overlooked.   

To find out what the best direction is to improve upper limb prosthetic design and to 

address the aforementioned problems, research should be focused on the addition of the 

wrist and its influence. So, the goal of this study is to find what the current developments are 

of prosthetic wrist designs and what the influence is of the different DOFs of the wrist on the 

compensatory movements. This will be done by searching literature on existing wrist designs 

and their mechanism, to find the possibilities and trends in the design of these devices. 

Further, in literature will be searched for research that demonstrates the influence on the 

different DOFs in the wrist and which should at least be included in prosthetic wrist designs.  
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II. METHOD 
This chapter explains how the report is set up. The first step is to determine the scope 

for this research. The research is about upper limb prosthetics, with the focus on the wrist 

module. This study investigates the differences between designs and the advantages and 

disadvantages of the choices made. With this in mind a scope is defined, and search terms 

are collected for a literature search. There are some terms that are quite obvious to use such 

as “upper limb”, “prosthesis” and “wrist”. But there are synonyms and other terms that may or 

may not be wise to include. But also, some choices made a too long search query that would 

not fit into the search bar of the search engines. Therefore, some variations were made and 

compared in the different search engines, namely Scopus and Web of Science, to find out 

how much results these would give. Results from before the year 2000 were also excluded 

from the search. The following search queries are used.   

Web Of Science: ( prosthetic*  OR  prosthesis )  NEAR/5  ( hand  OR  "upper limb" )  AND  ( 

wrist  OR  "wrist joint"  OR  carpal )  AND  ( movement*  OR  pronation  OR  supination  OR  

flexion  OR  extension  OR  "two degree"  OR  "2 DOF" )  

SCOPUS:  ( prosthetic*  OR  prosthesis )  W/5 ( hand  OR  "upper limb" )  AND  ( wrist  OR  

"wrist joint"  OR  carpal )  AND  ( movement*  OR  pronation  OR  supination  OR  flexion  OR  

extension  OR  "two degree"  OR  "2 DOF" )  

In this query is chosen to separate the terms ‘prosthesis/prosthetic*’ and ‘hand/upper 

limb’, in contrast to other query options. This gives all the possible variations of these terms 

together. But to keep the search focused on them together, they still have to be close 

together in a sentence, hence the NEAR/5 and W/5 in the search query. For this search 452 

results were found, with 282 in Scopus and 170 in Web of science.  

After scanning through all these papers by reading the abstracts to exclude the 

irrelevant ones for this research, 71 papers were left that needed to be investigated more 

thoroughly. In this elimination step the duplicate papers were also removed. And when the 

full text was unavailable, certain papers could not be used.   

Next, these relevant papers have been read entirely to find if they match the scope as 

expected from reading the abstracts. After this step 22 papers were left, that are going to be 

used in this report. In this last elimination step, papers were removed that did not fit the 

scope as suggested by the abstract. Finally, in the most promising papers has been looked 

at their citations to see if there are other papers that were not found by our own search. This 

resulted into 4 extra papers, with a total score of 26 papers. This process of elimination is 

also shown in the flow chart in Appendix A. 
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III. RESULTS 
The two elements of the research goal are treated separately in this section. First the 

results of the current designs will be reviewed, with focus on the structure and actuation of 

the designs and the accessory properties. Secondly, the results about the compensatory 

movements and the influence of the DOFs will be presented.   

A. Current design of prosthetic wrist joints 
The overview of the designs found is divided based upon the DOFs they provide. An 

overview of specifications of the wrists is listed in Table 1.  

1. Single Degree of Freedom 

The first category has only one DOF, this is either pronation/supination or 

flexion/extension.   

The design by Anderson et al. (2012) is a prosthetic device with an electrically 

powered wrist that provides pronation/supination (Figure 1a). The finger movements are 

body-powered, controlled with pulleys and wires caused by the shoulder movements. The 

wrist is actuated by pressure sensors on the toes. These will be activated when an abnormal 

high force acts on them, causing the wrist to rotate; first one way then the other. The wrist 

can also rotate towards the closest object due to infrared signal emission from the wrist. The 

mechanism consists of two disks rotating with respect to each other, activated by a geared 

motor. Other devices that also use pronation/supination as a single DOF in their wrists are 

the Otto Bock Wrist rotator, Motion Control electric rotator, MANUS Hand and the 

Michelangelo hand. (Bajaj et al., 2015) 

The design of Schwarm et al. (2019) is a hydrostatic linear actuator with a remote 

direct-drive manipulator (Figure 1b).  It is built up out of two linear actuators, which are 

floating pistons in between hydraulic fluid and pressurized air, that each control one of the 

two grip fingers. When the pistons both move away from the gripper, it opens and when they 

both move towards the gripper, it closes. The wrist flexion/extension is realized when they 

move in opposite direction, one extends and one contracts, this way the grip fingers can 

move together upward and downward. According to Schwarm et al. (2019) this system has 

low friction with high torque density. In contrast to traditional hydraulic or pneumatic systems 

this also give the possibility for ‘backdrivability’ and passive tuneable compliance.    

 

   
                                 (a)                                                                                        (b) 
Figure 1: Single DOF devices, design by Anderson (a) and the Piston gripper, design by Schwarm (b).  

2. Two Degrees of Freedom 

Two degrees of freedom can be either a combination of the aforementioned 

pronation/supination and flexion/extension, or a combination of flexion/extension and 
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radial/ulnar deviation. First the designs of the pronation/supination and flexion/extension 

combination are mentioned and after that the designs with flexion/extension and radial/ulnar 

deviation combinations. 

a. Pronation/supination and flexion/extension 

Chu et al. (2011) shows a design of a myoelectric underactuated hand, with in total 

18 DOF initiated by 4 actuators (Figure 2a). There are two actuators for the hand movements 

and two for the wrist. The actuators for the wrist are DC motors and placed in the forearm. 

The mechanism is built up with three bevel gears and two worm gear sets. The proximal joint 

is able to perform flexion/extension, and the distal one is for pronation/supination. So, when 

the hand is rotated 90 degrees this same movement that causes the flexion/extension 

becomes the radial/ulnar deviation.  

Kyberd, Lemaire et al. (2011) describes a design of a 2 DOF wrist prosthesis that 

makes use of the mechanical differential. With this differential activation of the two motors 

becomes one motion, but with twice as much torque possible to be applied. The combined 

motion that results is dependent on the relative speed of the two motors. The same direction 

of the motors results in one DOF and the opposite direction in the other DOF. The 

pronation/supination movement is proximal to the flexion/extension movement. In this design 

none of the elements are placed in the forearm, to broaden the target audience. With the 

elements all placed in the hand, the design is available for people with long residual limbs. 

The two motors that actuate the wrist movement are placed parallel in the hand palm (Figure 

2b).  

The DEKA arm that is elaborated in the study of Resnik et al. (2013) is an externally 

powered upper limb prosthesis (Figure 2c), with different versions based on the level of 

amputation: transradial, transhumeral, and shoulder level. In their study two versions are 

discussed: the Gen 2 and Gen 3. They have the same basics, but Gen 3 has some different 

elements and is an optimization of Gen 2. This arm is controlled by movement of the foot, 

where force sensitive resistors (FSR) or inertial measurement units (IMU) are placed, with a 

battery and arm input control unit (ACI) around the ankle. This is connected to the master 

control module (MCM) and battery in a belt around the waist, from where the arm is 

controlled. This prosthesis has pre-programmed grip patterns and wrist movements. Here the 

wrist movements are coupled, the wrist flexion together with the ulnar deviation and the wrist 

extension with the radial deviation. A safety button is added in the Gen 3, for when the 

system does not respond, this way the hand can be opened again.  

 
                    (a)         (b)      (c) 
Figure 2: 2 DOF wrists with PS and FE, underactuated design by Chu et al. (2011) (a), The Differential, design by Kyberd, 
Lemaire et al. (2011) (b), and the DEKA Arm, design by Resnik et al. (2013) (c).    

  The HyPro hybrid powered prosthesis (Figure 3a), a design by Semasinghe et al. 

(2017) has a fully electric powered wrist. The body-powered part is focused on the use of the 

fingers. The wrist joint in this design is built up in two units with each its own servomotor. The 

proximal unit is attached to the forearm and provides the pronation/supination motion, it 
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causes the distal unit to rotate with respect to the proximal one. The distal unit causes the 

flexion/extension movement.  

The Octa Hand (Figure 3b) is a design by Abarca et al. (2019) where the wrist is an 

active member of an active hand prosthesis. Pronation/supination is induced by a helical 

gear that rotates the shaft of the wrist module, on the proximal side, around the centre 

connected to the forearm. And the flexion/extension movement is induced by a worm gear 

that causes the tilt on the distal side of the shaft, only causes the hand to tilt, the wrist itself 

stays in place. This system is active, therefore there is also a DC motor placed inside the 

wrist module this is actuated by a microcontroller and LiPo battery. And because the device 

is position controlled there are two position sensors placed in the wrist, one for each DOF.  

 
                                                       (a)                                                                                     (b) 
Figure 3: 2 DOF wrists with PS and FE, design by Semasinghe et al. (2017): HyPro (a) and design by Abarca et al. (2019): Octa 
Hand (b)  

  

b. Flexion/extension and radial/ulnar deviation 

The ARTS wrist by Tropea et al. (2008) has a resemblance to a spring rider (Figure 

4a). This design consists of three parallel disks, where the two on the top are held apart by a 

thrust spring. And by means of three cables that are connected to the top disk, and run 

through the middle disk, the top disk can be tilted. This way the system provides the 

movements flexion/extension and radial/ulnar deviation. The cables are actuated by three 

motors that are placed between the two lower disks.   

Bandara et al. (2014) propose a design of a multi-DOF anthropomorphic prosthethic 

arm (Figure 4b). This design is actuated by parallel prismatic manipulators, making it look 

like the anatomy of the lower arm, with the two linear actuators representing the radius and 

the ulna. They are connected to two plates, the distal one is the wrist plate that can be 

moved with respect to the actuators. The movements are made by retracting and extending 

the actuators. When one actuator extends and the other retracts the wrist plates tilt sideways 

causing radial/ulnar deviation. And when the actuators make similar movements, they cause 

the flexion/extension motion, by tilting the wrist plate upward and downward. When both 

actuators extend, they cause extension of the wrist joint and when both retract, they cause 

flexion. 

The passive wrist with switchable stiffness by Montagnani et al. (2017) is a hydraulic 

operated wrist joint based on the Delft Cylinder hand. The joint itself is a standard ball joint, 

with a ball and a socket. Around this joint there are four hydraulic cylinders, at an equal 

distance from each other, an intersection is shown in Figure 4c. The opposite cylinders are 

connected, and in between in these two there is a valve that can open allowing the fluid to 



25 
 

flow resulting a compliant wrist, enabled by springs that are attached to the wrist base. And 

when the valve is closed, the fluid cannot flow resulting in a stiff wrist. The opposite cylinders 

are connected separately enabling the flexion/extension and radial/ulnar deviation happen 

separately. This system is a passive one, causing the user to use his body to manipulate the 

joint, this can be done by pushing it against a stiff surface. They want the prosthesis to be 

compliant when reaching and stiff when grasping and manipulating objects.  

    
                      (a)                                                                                (b)                                                         (c) 
Figure 4: 2 DOF designs combining FE and RUD, ARTS wrist by Tropea et al. (2008) (a), Anthropomorphic design by Bandara 
et al. (2014) (b), and passive wrist design by Montagnani et al. (2017) (c) 

3. Three Degrees of Freedom 

The design of Jarc et al. (2006) is a prosthetic limb where all the joints include a 

control moment gyroscope (CMG), with a rotating disk inside that causes the movements in 

different directions (Figure 5a). This causes the joints to be able to have 3 DOF. Due to this 

CMG the wrist has a larger size than other prosthetic arms, the wrist has a diameter of 11.45 

cm. Besides the high number of DOF it also has a reduced power consumption with the 

CMG. 

The Gas actuated design (Figure 5b) proposed by Fite et al. (2007) has a 3 DOF, 

wrist and is based on anthropomorphic design. The pronation/supination motion is generated 

by two cylinders in the same axis that can rotate with respect to each other. The distal 

cylinder is smaller and placed partially in the proximal cylinder and are connected together by 

a leadscrew path on the cylinders. The other two DOFs are actuated by two cylinders that 

are placed parallel to the distal cylinder, one for flexion/extension and one for radial/ulnar 

deviation. They each have a transmission from the movement of the cylinder becoming 

longer and shorter to the desired movement. The flexion/extension transmission is by means 

of a pinned joint and the radial/ulnar deviation cylinder has a spherical joint at the end.   

 
                                            (a)                                                                            (b) 
Figure 5: 3 DOF wrists, a CMG controlled design by Jarc et al. (2006) (a) and a Gas actuated design by Fite et al. (2007) (b) 
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Table 1: Comparison specifications of current design 

 #
D
O
F 

Degrees Active/
Passive 

Mechanis
m 

Torque 
[Nm] 

Joint 
Speed 
[deg/s] 

Own 
weight 
[kg]  

Weight 
carried 
[kg] 

Body-powered 
autorotation 
(Anderson et al., 
2012) 

 

1 PS: 360° 
 

Active Gears, 
disks 

5.65 3.6 - 
Est. 0.2 

- 

Piston gripper 
(Schwarm et al., 
2019) 

 

1 FE: 120° Active Hydraulic - - - 
Est. 0.1 

- 

Underactuated 
hand (Chu et 
al., 2011) 

 

2 PS: 360° 
FE: 180°  
 

Active Bevel and 
worm gears 

- - 0.2 - 

DEKA Arm 
(Resnik et al., 
2013) 

 

2 PS: - 
FE: - 

Active Gears, 
disks 

- - 1.13 
(Gen2) 
1.27 
(Gen3) 
(hand + 
forearm)  

- 

The differential 
(Kyberd et al., 
2015) 

 

2 PS: - 
FE: -  

Active Gears 0.073 
(for 
500mA, 
7V) 

250 
(peak) 
175 
(const
ant) 

- 
est. 0.2 

- 

HyPro: hybrid 
(Semansinghe 
et al., 2017) 

 

2 PS: 180  
(-90; 90) 
FE: 145 
(-75; 70) 
 

Active Gears - 
 

- - 
est. 0.2 

- 
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 #
D
O
F 

Degrees Active/
Passive 

Mechanis
m 

Torque 
[Nm] 

Joint 
Speed 
[deg/s] 

Own 
weight 
[kg]  

Weight 
carried 
[kg] 

Octa Hand 
(Abarca et al., 
2019) 

 

2 PS:180° 
(-90; 90) 
FE: 70° 

Active Helical gear 
(PS) 
Worm gear 
(FE) 

1.43 ±200  0.640-
0.760 
(wrist 
+forearm) 

0.5 
hand + 
0.5 
weight 

ARTS wrist  
(Tropea et al., 
2008) 

 

2 FE: 60° 
(-25l 35) 
RU: 55° 
(-25; 30) 

Active Cables - - - 
Est. 0.3 

0.5 
hand + 
4 added 
weight 

Anthropomorp
hic arm 
(Bandara et al., 
2014) 

 

2 FE: 88° 
(-43; 45) 
RU: 52° 
(-21; 31) 

Active Linear 
actuators, 
gears 

1.2 FE: 
41/17 
RU: 14 

0.5 - 

Passive wrist 
(Montagnani et 
al., 2017) 

 

2 FE: 70° 
(-35; 35) 
RU: 70°  
(-35; 35) 

Passive Hydraulic reaction 
torque: 
0.8 

- 0.13 4.9 
(stiff) 
0.9 
(compl.)  

CMG-driven 
(Jarc et al., 
2006) 

 

3 PS: - 
FE: - 
RU: - 

Active Control 
moment 
gyroscope 
(CMG) 

6.56  Up to 
78000 

- 
Est. 0.2 

2.7 

Gas-Actuated 
(Fite et al., 
2007) 

 
 

3 PS:95 ° 
FE:105° 
RU: 40° 

Active Pneumatic PS:4.2 
FE: 4.5 
RU: 4.5 

- 2 (whole 
arm) 

- 
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B. The positive influence of a wrist joint in a prosthesis 
Earlier studies demonstrated that wrist movement in upper limb prostheses was 

desired by prosthetics users (Biddiss et al., 2007). Besides the basic priorities of weight, 

costs and comfort, where still improvement is needed, the increase of functionality including 

wrist control is an important priority for the users (Biddiss et al., 2007).  In another study by 

Pylatiuk et al. (2008) 70% of the prosthetics users found the flexion/extension useful. 

When there is no wrist joint in the prosthetic arm, the user needs to compensate for 

the lack of DOFs. Different studies have researched what the compensatory movements are 

using current prosthetic devices and investigated whether these movements are reduced by 

adding certain DOFs in the wrist. In the design of upper limb prosthetics, the most applied 

DOF in the wrist is pronation/supination.  

The absence of DOFs in the wrist causes the user to make different movement while 

performing an activity when compared to a healthy person. Carey et al. (2007) found that 

there was a significant difference in shoulder and elbow movements when comparing these 

two conditions. When the DOFs of the wrist are inhibited, the elbow and shoulder have an 

increased ROM when performing the same task. When performing a bimanual task, such as 

lifting a box, the healthy side compensates for the lack of DOFs in the prosthetic side. The 

shoulder and elbow flex more, resulting in asymmetry in the movement. Additionally, they 

added mass to mimic the increased mass of a prosthetic device, which resulted in increase 

of compensatory movements. 

In performing the Clothespin Relocation Task with a 1 DOF hand prosthesis the user 

makes more trunk movements than a healthy person does (Hussaini & Kyberd, 2016). The 

highest ROM was when the clothespin needed to be placed on the highest point. Besides the 

presence of compensatory movements, the duration to perform the test with the prosthesis 

increases. Especially in the downward movement where the clothespins need to be placed 

on a horizontal rod. Here the completion time and the ROM is a measure for qualitative 

movement, where a lower value means a better performance. The trunk movements are to 

compensate for the lack of DOF in the forearm which is needed to rotate the hand to move 

the clothespins from a horizontal rod to a vertical rod and the other way around. This 

corresponds with the results found by Kato et al. (2018) where the focus was on the torque 

that was applied in the shoulder joint. They found that there was more flexion by the trunk 

than movement in the shoulder joint as compensatory movements.  

Adding a wrist rotator to a prosthesis gives better performance in carrying out tasks, 

and closer to anatomical movement (Lura et al., 2008). However, for a large number of joints 

there are no significant differences. Especially in the task where the participant has to open a 

door, the trajectory of certain joints is similar between a prosthesis with and without a wrist 

and deviate from the optimal movement.  When it comes to compensatory movements there 

is a collaboration between joints, over which the movement is distributed, so it is hard to 

objectify the movements for different body parts (Montagnani et al., 2015a).  

There is also a synergy between the position of the wrist and the deviation of the 

upper arm (Montagnani et al., 2015a). In this study the person has only 1 DOF in the wrist, 

namely pronation/supination. With this one DOF device they compared the ROM of the 

compensatory movements in certain tasks, with the wrist in either pronated, supinated or 

neutral position. When fully supinating the forearm, the humeral deviations are small. The 

arm stays adjacent to the body. When the forearm is in neutral position there are small 

movements in the upper arm, but larger than in supinated position. And during activities with 

the forearm fully pronated the humeral movements have the highest ROM.  
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In developing upper limb prosthetics, the focus has been more on increasing the hand 

dexterity than the wrist. Yet, Montagnani et al. (2015b) found that adding a second DOF to 

the wrist has an equal performance in performing ADLs as adding 21 DOF in the hand. This 

shows the importance of the second DOF of the wrist, adding flexion/extension to the 

pronation/supination movement. Just having 1 DOF hand and 1DOF wrist combined, the 

most available used, gives significant compensatory movements that are reduced when 

adding more DOFs. 

In addition, the flexion/extension movement of the wrist has positive influence on the 

quality of movements (Deijs et al., 2016). In this study, using the flexible wrists gave more 

natural movement patterns, less awkward positions, less burden on the shoulder, and 

increased dexterity. Plus, the participants of this study were more satisfied in performing the 

tasks with wrist flexion.  

Kyberd (2011) also researched the influence of wrist flexion on the performance of 

certain tasks. They found that adding flexion in the wrist resulted into overall better 

performance, especially in lateral grip and tips grip. Also, they compared a fixed flexion wrist 

with a compliant wrist. For the fixed flexion the power grip also performed significantly better 

than without flexion. And the compliant wrist had a better performance for the extension grip.  

The degree of flexion has influence on the reduction of compensatory movements. 

Bertels et al. (2009) investigated the difference between a flexed hand of 20° and 40°, 

compared to no flexion. The motions that were reduced are the anteversion of the arm and 

the humeral rotation, that compensate for the lack of flexion. The 20° angle gives no 

significant results on the anteversion while 40° comes halfway towards the trajectory of a 

natural movement. Also, the shoulder elevation, which is linked to trunk flexion, is 

significantly reduced with the 40° angle. Eighty percent of the participants felt that flexion 

positively influenced the motion. Half of the 30 performed tasks were preferred with the 40° 

angle. Nine other motions were preferred with the 20° angle, and the for the rest of the 

motions there were no preferences.  

A recent study by Davidson et al. (2018) found that the Dart Thrower’s Motion (DTM) 

is preferred by prosthetics users over the pronation/supination movement. This DTM is a 

combination of ulnar deviation with flexion in an angle of 20°- 40° with respect to the sagittal 

plane. Here the activities that needed to be performed were ADL’s where the DTM is used 

normally, and they cannot be easily performed with compensatory movements. The 

preference of DTM over pronation/supination is because the last one can be overcome by 

abduction of the shoulder.  
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IV. DISCUSSION 
To find the best direction for design of a prosthetic wrist, the benefits of the different 

DOFs are investigated and the trends in existing wrist designs are reviewed. The results 

found in this paper are discussed below.  

Firstly, from the twelve found prosthetic wrist designs most include the 

pronation/supination and flexion/extension movements. In the 2 DOF category designs that 

combine pronation/supination and flexion/extension are more common than the 

flexion/extension with radial/ulnar deviation combined. The radial/ulnar deviation is not even 

found as a single DOF device. This is a logical choice because in a healthy wrist radial/ulnar 

deviation is the DOF with the smallest ROM. Research is therefore more focused on the 

other two DOFs, because it is expected that these will have the largest positive influence on 

the functionality when added. This is also found in the different studies that investigate the 

influence of the DOFs pronation/supination and flexion/extension. These DOFs are beneficial 

for the performance of activities (Bertels et al., 2009; Hussaini & Kyberd, 2016; Kyberd, 

2011; Lura et al., 2008; Montagnani et al., 2015a; Montagnani et al., 2015b). However, no 

studies are found about the influence of radial/ulnar deviation. 

Overall, adding a certain DOF, either pronation/supination or flexion/extension, 

showed improvement in reducing compensatory movements and task completion time. Even 

when the test did not find significant difference in certain movements, the positive influence 

in movement was noticed, either by observation of the test or experienced by the participants 

(Lura et al., 2008). This lack of significant results could be due to the fact that the 

compensatory movements are performed differently by individuals. Or the compensatory 

movements could be distributed over certain joints, so it is not significantly shown in the body 

part where it was measured. So, subjectively the improvement of compensatory movement is 

noticed more often than objective positive results.  

Montagnani et al. (2015b) even found that the second DOF, adding the 

flexion/extension to pronation/supination, has as much increase in performance as a 21 

DOFs of the hand. This supports the importance of these DOFs of the wrist, and its influence 

on the dexterity and functionality. These two DOFs have shown significant benefits while little 

is found about the benefits of adding the radial/ulnar deviation as extra DOF.  

While 2 DOF is found to have the most benefit, they are also the most prevalent. The 

ultimate goal is to make a prosthesis that has the full functionality of a healthy arm, with a 3 

DOF wrist. But with increase of the number of DOFs problems with increase in dimension, 

weight and control complexity occur. So, more research on the influence of the addition of 

the 3rd DOF is necessary to find the optimum between the functionality and the control 

complexity. Where high functionality and low control complexity is desired.  

Although the size and weight are two important design considerations for upper limb 

prosthetics and also cause of rejection (Biddiss et al., 2007) there are no guidelines for these 

properties. The 2 DOF wrists with the pronation/supination and flexion/extension combination 

are built mostly in sequential architecture, where one joint is placed more distal than the 

other. This sequential design results in longer wrist units, and higher total length of the 

prosthesis, when not compensated with a shorter forearm. This length should be limited 

because the length of the prosthetic arm should be as close as possible to the length of the 

healthy arm of the subject. Reducing the forearm limits the option for people with longer 

residual limbs to use prosthesis. There also lies a problem for active hands, because the 

forearm is often used to place the actuators and other elements. Likewise, the 

anthropomorphic designs by Bandara et al. (2014) and Fite et al. (2007) are not suitable for 

long residual limbs, due to the size of the prismatic joints involved. Meanwhile, the 
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flexion/extension and radial/ulnar deviation combination has the ability to be placed parallel, 

e.g. by means of a ball and socket joint. That would be beneficial for limiting the size of the 

wrist. The only device found with this spherical joint is a passive hydraulic wrist. The 

possibility for parallel placements of the two most used DOFs can help limit the length of the 

wrist unit.  

Further, the most prevalent wrist designs found are active and electrically driven 

devices with gear mechanisms, that due to all the batteries and actuators involved, are the 

heaviest type. Despite the high functionality of these devices the control complexity and 

increase of weight cause problems. More weight results in more strain on the arm and results 

into more compensatory movements as found by Carey et al. (2007). To assess the 

problems of compensatory movements with this property, more focus should be on 

lightweight alternatives or reduction in electric elements. This can be underactuated design 

or different actuation such as hydraulics or pneumatics.  

Next, the compensatory movements are measured by some studies is the shoulder 

abduction and anteversion (Bertels et al., 2009), other studies show that there is more 

movement in the trunk (Hussaini & Kyberd, 2016). They do not contradict each other; they 

show the different effect of the same compensation. This has to do with the certain tasks that 

are performed. Which was found by Montagnani (2015a) where the position of the hand, 

pronation or supination, influences the amount of compensatory movements. This was not 

found for flexion, however. The trunk motion is noticed in the clothespin relocation task, 

where the lack of rotation was assessed. Shoulder elevation is expected because the task 

requires a pronated hand. However, this is a precision task, and the humerus is kept close to 

the side to get support by the torso when picking and placing the objects. With this support, 

the hand is more stable and makes it easier to perform the task.   

Lastly, Davidson et al. (2018) found that the Dart Thrower’s Motion preferred over the 

pronation/supination, because they could overcome the latter easily with compensatory 

movements in the shoulder and the trunk. Yet, this research shows bias towards the DTM 

because the performed activities in their test required only the DTM. Plus, the activities 

where hard to compensate for with other movements, which makes these tasks look harder 

to complete. However, because users are interested in the application of this movement and 

the lack of research done into the influence of the radial/ulnar deviation, this is a promising 

direction for further research. With the information about the benefits of this 3rd DOF, it can 

be compared to the other DOFs that reduce the compensatory movements and a better 

decision can be made about which DOFs to include. Ultimately the radial/ulnar deviation is 

added as the third DOF to come closer to the functionality and dexterity of a healthy hand. 

With this information also a better trade-off can be made between increasing the functionality 

and the increase of dimensions and control complexity.  

  

V. CONCLUSION 
To conclude, for the design of a new prosthetic wrist that addresses the problems of 

rejection rates and compensatory movements the focus should be on a light weight, small 

and functional design with low control complexity. Within these properties trade-offs needs to 

be made to find the optimal achievable design.     

The current wrist designs are mostly active, electrically driven, 2 DOF devices that 

include pronation/supination, and built in a sequential order. No guidelines or restrictions are 

found for the properties of size and weight, while these are important factors of rejection.  
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To minimize the length of the device, there should be looked into the possibility of 

parallel placement of the rotation axes of the different DOF joints. The anthropomorphic 

designs are less suitable, due to the size of their prismatic joints in the lower arm. Because 

that excludes the use for people with longer residual limbs.  

Low weight is mostly an issue for active prostheses, because the presence of 

batteries and actuators. To minimize the weight these elements should be minimized in size 

and number, with underactuated design. With the electrically driven prostheses as most 

prevalent, opportunities may be found in other directions, therefore the hydraulically driven 

prostheses should be investigated. 

Finally, for good functionality the joint should have at least 2 DOFs, namely the 

pronation/supination and flexion/extension. Since the importance of adding a single DOF of 

the wrist is found to be more beneficial than the increase in dexterity of the hand. The 

influence of the third DOF of the wrist is unknown. So, the radial/ulnar deviation should be 

researched more to see where the benefits of this DOF lie and if they are significant to 

incorporate in wrist design as the 3rd DOF and weighs off to the increase of complexity.   
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Figure 6: Schematic overview of search process 
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