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Abstract

Objective The objective of this study was to develop and evaluate a 3D printed hydraulic actuation system,
applied in a multi-articulate upper limp prosthesis. The prosthesis was designed to produce sufficient pinch
force to be competitive with comparable devices (≥ 30N), and weigh less than a human hand (< 0.43kg).
The actuator should function at a high operating pressure (> 1.4MPa) and be compact, such that it fits
within the mechanism of the hand.
Method The prosthesis was designed according to a modified V-model design methodology. A prototype
was made that embodies the index finger, thumb, and part of the palm. The structural parts were printed
using FDM. The actuators were printed in a single step using SLA, requiring only cleaning and curing. To
evaluate the performance of the actuators, a set of measurements was carried out, measuring geometrical
accuracy, static pressure, and friction in the cylinder. The prototype was tested on pinch force, closing time
and weight.
Results Cylinders that are printed at an angle of 90° with respect to the build plate, have a higher
roundness that cylinders that are printed at 45°. The actuators were tested at pressures of up to 4.5 MPa,
showing no signs of plastic deformation, and have a theoretical maximum pressure of up to 5.9 MPa. While
lifting a mass of 6.49 kg, a cylinder friction force of 25.7 N was measured, which is higher than expected. The
prototype could reliably deliver a pinch force of 30 N, with a maximum measured value of 41 N. When
operating at high pressures, leakage through the piston O-ring seal was not prevented.
Conclusion This study presents the first hydraulic actuation system that is fabricated entirely with 3D
printing. A prototype was built to demonstrate that the prosthetic hand that is designed, is able to produce a
pinch force of > 40N, showing that it can compete with similar devices. Its mass (0.35 kg without pump and
battery) is less than that of a human hand. Controlling friction and leakage remains a serious concern due to
the geometrical accuracy of 3D printing. Future possibilities are increased customization and reduced
fabrication cost of hydraulically actuated mechanical systems.
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Nomenclature

∆L Elongation of the spring [m]

∆P Pressure difference [MPa]

η f or ce Force efficiency [-]

σ Stress [MPa]∑
M Sum of the moments around the joint [Nm]

aactuator Moment arm of the actuator around the joint [m]

Ac yl i nder Cross sectional area of the cylinder [m2]

aspr i ng Moment arm of the spring around the joint [m]

Ath Shear area of threaded connection [m2]

ADL Activity of Daily Living

AM Additive Manufacturing

Dcr oss Cross sectional diameter of the O-ring [m]

dob j Diameter of the pinched object [m]

Dout Outer diameter of the O-ring [m]

dpi tch Pitch diameter of a thread [m]

DC H Delft Cylinder Hand

D I P Distal interphalangeal

F0 Initial spring force [N]

Factuator Force exerted by the actuator [N]

Faxl e Load force on the axle of a joint [N]

F f r i ct i on Friction force [N]

Fpi nch Pinch force [N]

Fspr i ng Force exerted by the springs [N]

F DM Fused Deposition Modeling

hpi tch Pitch hight of a thread [m]

Le Length of engagement [m]

MC P Metacarpophalangeal

P Pressure in the actuator [MPa]

Patm Atmospheric pressure [MPa]

Pwor k Operating pressure [MPa]
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viii Nomenclature

Pyi eld Pressure at yield [MPa]

PGD Piston Groove Diameter [m]

PI P Proximal interphalangeal

PL A Polylactic acid

Qp Flow rate in the hydraulic circuit of the prototype [m3/s]

R Transmission ratio [-]

rc yl i nder Radius of the cylinder bore [m]

rsq Squeeze ratio [-]

ROM Range of motion

s Wall thickness or the cylinder [m]

S f Safety factor [-]

SL A Stereolithography

Tactuator Torque resulting from the actuator force [Nm]

TMC P Torque around the MCP joint [Nm]

Tpi nch Torque resulting from the pinch force [Nm]

TPI P Torque around the PIP joint [Nm]

tp Closing time of the prototype [s]

Tspr i ng s Torque resulting from the spring force [Nm]

Vp Volume of the hydraulic circuit of the prototype [m3]



1
Introduction

1.1. Developments in hydraulic actuation
Hydraulic actuators are known for their high power density. This high power density is attained by the high
pressures that can be generated [74]. For example, hydraulic cylinders in excavators operate at pressures of
up to 35 MPa [65]. Hydraulic actuators with low-velocity and high-force are especially suitable for heavy duty
equipment used in construction and manufacturing [56, 75]. As they are robust and have a high power ca-
pacity, hydraulic actuators are also used in robotics, both in walking devices as well as in end effectors [38].
For example, Ko et al. developed a humanoid robotic hand with five degrees of freedom and an output force
of 300 N [41]. The field of hydraulics could be considered to be mature. Actuators that are used in industry
have seen minimal changes over the past decades and design parameters have been optimized [46]. How-
ever, there are still research challenges to be solved: improving energy efficiency and reliability, and increas-
ing compactness [41]. For example, Yong et al. presented a hydraulic cylinder that aims to improve energy
efficiency, by means of adjustable effective piston area [76]. Recently, there have been efforts to develop hy-
draulic actuators made from alternative materials, i.e. composites and plastics. Solazzi successfully reduced
the weight of an actuator for an excavator, by using composite material [65]. Stryczek et al. developed a
hydraulic actuator largely made from plastic and have demonstrated how using plastics yields multiple ad-
vantages, including a reduced weight, possibility of complex shaped components, and a shorter and less
expensive production process [67]. Xia and Durfee investigated the scalability of hydraulic systems and em-
phasized the recent interest in portable, wearable devices, including powered orthotics [74]. They concluded
that at an output of ≤ 100W, hydraulic systems are lighter than electromechanical alternatives, as long as
they operate at high pressures, preferably ≥ 3.5MPa. There is a need for small hydraulic components that
operate at high pressures (> 1.4MPa), as argued by Xia and Durfee [74]. However, currently, tiny off-the-shelf
hydraulic components do not exist [19].

1.2. Hydraulics in prosthetic hands
Hydraulics have also been implemented in prostheses and orthotics [47, 55]. Similar technical challenges
exist in the actuation of powered prosthetics and orthotics: the actuation system should be lightweight and
compact, yet have a sufficient power output [19]. Hydraulic actuation can offer a suitable solution as its key
advantages are a high force-to-weight and force-to-volume ratio [19]. Moreover, efficient energy transmis-
sion can potentially be achieved using hydraulics. There have been various attempts to use hydraulics as a
means of actuation or transmission in an upper limp prosthesis, several before 1980 [11, 63]. In more recent
years, Kargov et al. have developed a hydraulically actuated hand prosthesis that allows for multiple grip pat-
terns [39]. The fingers of the hand are actuated using hydraulic bellow actuators, operating at a pressure of
0.6 MPa. The design shows that it is possible to integrate a pump and reservoir into the limited space of a
hand prosthesis. Smit was the first to successfully implemented hydraulic actuation in a hand prosthesis that
meets basic user requirements [64]. The result is the Delft Cylinder Hand (DCH), a lightweight device with
efficient energy transmission (Figure 1.1). The multi-articulate hand is underactuated, such that the fingers
can adapt to the shape of the object. A disadvantage is that the system is complex and has a lot of parts, which
makes fabrication time consuming and expensive.

1



2 1. Introduction

Figure 1.1: The Delft Cylinder Hand, a body powered upper limp prosthesis using hydraulic actuation [64].

1.3. The combination with additive manufacturing
When making a hydraulic actuator from an alternative material, additive manufacturing (AM) could be con-
sidered. Additive manufacturing, the technique of layer-by-layer production of parts by selectively depositing
or solidifying small volumes of material, has been used for pneumatic piston-cylinder actuators. For example,
Krause presented a linear pneumatic actuator with integrated sensors for force and position control and has
demonstrated that it is less expensive than off-the-shelf alternatives [44]. Boland et al. developed a smaller
system: a pneumatic stepper motor using four pistons that is suitable to operate in an MRI environment [8].
However, there does not exist any 3D printed, hydraulic piston-cylinder system in current literature. The
concept of 3D printing actuators is relatively new, despite its potential benefits for hydraulic actuators [44].
Additive manufacturing would enable customization and allow for complex design geometries, without los-
ing the advantage of a high force-to-weight ratio. Moreover, it could potentially reduce the cost of fabrication
by reducing the number of parts and eliminating assembly. The use of plastics could result in reduced weight
and size [68].

1.4. Problem definition
There has been a recent interest in the development of wearable devices including exoskeletons, orthotics
and prostheses [74]. Hydraulic actuators are especially suited for such devices as they fit the requirements
of being lightweight and compact, and having a high power output [19]. However, off-the-shelf, small hy-
draulic systems do not exist [19]. Additive manufacturing could provide a solution. 3D printing of hydraulic
actuators offers multiple possible benefits, including customization, increased design freedom and possibly
a reduction of fabrication cost. However, there does not exist any 3D printed, hydraulic piston-cylinder sys-
tem in current literature. The feasibility and performance of a hydraulic actuator that is fully 3D printed,
are unknown. Challenges in the production of such a system include achieving the required level of geo-
metrical accuracy to prevent leakage. Moreover, the surface quality of the cylinder should be sufficient such
that friction does not become predominant. The force output should not be compromised for the actuator
to be competitive with conventionally fabricated devices. This could be achieved by using a high operating
pressure (> 1.4MPa) [74], which all elements of the hydraulic circuit should be able to withstand.

1.5. Objective
The objective of this study is to develop and evaluate a 3D printed hydraulic actuation system, applied in a
multi-articulate upper limp prosthesis. The prosthesis should produce sufficient pinch force to be compet-
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itive with comparable devices (≥ 30N), and weigh less than a human hand (< 0.43kg). The actuator should
function at a high operating pressure (> 1.4MPa) and be compact, such that it fits within the mechanism of
the hand. The prosthesis is designed to require a minimum number of fabrication and assembly steps, to
explore the benefits of additive manufacturing.

1.6. Outline
The design and evaluation of the prosthetic hand, was structured according to a modified version of the V-
model design methodology, depicted in Figure 1.2. The V-model is a method in which complex systems are
divided into subsystems [78]. Both systems and subsystems are evaluated according to their requirements.
In this study, one subsystem is considered: the actuator. In chapter 2, the requirements are discussed and the
method is described for the design, fabrication and evaluation. In chapter 3, the results of the design methods
are elaborated on, together with a visualization of the detailed design. The design verification, results, and
evaluation of the requirements are discussed in chapter 4. Finally, the conclusion is given in chapter 5.

Figure 1.2: Visualisation of the design method, based on the V-model design methodology.
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Method

2.1. Determining requirements

2.1.1. Hand

Mass The abandonment rate of upper limp prosthetics is 20% and is largely caused by a lack of comfort
or functionality of the device [6]. Increasing the comfort through weight improvement, is of the highest im-
portance according to individuals using a prosthesis [7]. Current 3D printed upper limb prostheses weigh
546 g on average, with the majority between 240 g and 450 g, based on available data [69]. As the prosthesis is
experienced as an external load, it is desirable that it weighs less than a human hand (426±63g [64]). There-
fore, the hand is required to weigh less than 426 g. This is lighter than most existing comparable 3D printed
devices.

Functionality The prosthesis should be useful for activities of daily living (ADLs). Therefore, the hand
should allow for grip types that are used frequently for ADLs. In a study by Resnik et al., the most used grip
types of individuals who used a DEKA hand prosthesis at home, were a power grip, a pinch grip, and a lateral
pinch grip using the thumb [58]. The hand should at least be able to perform a power grip and a pinch grip,
making it useful for ADLs, while having a passive thumb. It was decided to use one input signal, similar to
the Delft Cylinder Hand [64], to simplify the control of the hand. The actual control of the hand is outside the
scope of this study. To achieve a power grip, the fingers must be multiarticulate. As there is only one input
signal, the hand is underactuated: it has more independent degrees of freedom than controlled inputs. The
principle of under actuation has the benefit that the fingers can adapt to the shape of the object [42]. This
allows grasping of objects with irregular shapes and facilitates larger contact area between the hand and the
object, which results in stable grasping at a lower force [40]. Also, the hand should be able to achieve a stable
pinch grip. The force produced by the prosthesis should be sufficient for a wide variety of activities. Some
hydraulic upper limp prostheses produce a pinch force of as low as 8 N [55]. Smit considered a pinch force
of 30 N sufficient for the DCH for a broad functional range, which is higher than most body powered devices
(∼ 15N) [64]. Based on this, the hand is required to pinch at least 30 N, as stated in the objective. The pros-
thesis should be suited for activities of daily living and should have high cosmetic value, therefore, the range
of motion should be similar to that of a human hand. The closing time is required to be similar to the state of
the art. Therefore the closing time of the hand should be 0.25 – 1.0 seconds [51, 64].

Cosmesis Excellent cosmetic value is a part of the basic user requirements for prosthetic devices [54]. A
high level of anthropomorphism is needed, in terms of size and weight, but also shape and colour [6]. This
can be achieved by employing the device inside a cosmetic glove. The mechanism should be designed to have
an anthropomorphic shape and should fit in the cosmetic glove.

Fabrication The goal of using additive manufacturing, is to reduce the number of fabrication and assembly
steps. Fabrication steps are limited by designing the system in such a way that a minimal number of post
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6 2. Method

processing steps is necessary. Using 3D printing to fabricate the prosthesis, opens up design possibility as
more complex shapes can be produced without significant extra cost. This added design freedom can be
explored by designing a modular system and aiming to minimize the number of parts. This reduces the
assembly time and thus the cost of fabrication. Moreover, the damaged or imperfect parts can easily be
replaced during maintenance. Conclusively, the system is designed to have a minimal number of parts and
assembly steps.

2.1.2. Actuator

Working principle The objective is to develop a hydraulic actuation system as hydraulics have shown to
be especially suited when the actuation should be lightweight and compact, and have sufficient power out-
put [19]. Nevertheless, it is important to justify the choice for hydraulics and elaborate on its benefits over
other types of actuation. First of all, in small scale applications, a hydraulic solution will often be lighter
than the electromechanical equivalent. Xia et al. performed an analysis on small scale hydraulic systems
and concluded that using hydraulics can offer a significant weight advantage, provided that the system op-
erates at high pressures, preferably 3.5 – 6.9 MPa [74]. A disadvantage of using electric motors, is that they
require transmission. Secondly, pneumatics could also be considered as a means of actuation. However, hy-
draulics has significant advantages over pneumatics. Higher forces can be achieved using liquids as it is a
stiffer medium [55]. Most importantly, a hydraulic system requires less energy to deliver a certain pinch force
than a similar pneumatic system. This is caused by the difference in compressibility of air and oil. Pylatiuk et
al. showed that the compression energy for oil can often be neglected, which is not the case for air [55]. Fi-
nally, hydraulic transmission is favourable over a cable-pulley transmission, as it has a higher stiffness. Smit
showed that a hydraulic piston-cylinder system requires significantly less energy than an alternative using
cables, as it has a higher system stiffness [63].

Force and pressure The actuator should generate enough force for the prosthesis to pinch with at least 30 N.
The pinch force relates to the actuator force through the dimensions of the system and the energy efficiency.
An estimation of the required actuator force can be made by omitting the friction and other losses in the
calculation. The actual force is higher as energy losses due to friction and elasticity that have to be overcome.
The operating pressure of the actuator should be at least 1.4 MPa, following the objective. The actuator force
depends on the operating pressure and the piston diameter. As the diameter is constraint by the size of the
prosthesis, the operating pressure will be the driving factor in the amount of force the actuator can generate.
The cylinders, and all parts of the actuation system, should be able to withstand a sufficiently high pressure
to assure that the actuators can operate at the desired operating pressure.

Dimensions Following the requirement for cosmesis, the device should fit inside a silicone glove. This
limits the diameter of the cylinder as both actuator and structural parts of the prosthesis should fit in a finger
of the glove. The length of the actuator is also governed by the dimensions of the glove. The actuator should
have a large enough stroke to realise the desired range of motion around the joints of the finger. This depends
mostly on the structural dimensions of the prosthesis.

Fabrication The objective of this study is to fabricate both the actuator and the structural elements of the
prosthesis through additive manufacturing, limiting the number of production steps. It is important for the
actuator to have a high surface quality to minimize both friction and leakage between the piston and the
cylinder [53]. If sufficient surface quality cannot be guaranteed through single step fabrication, additional
post processing steps might be necessary. This is undesirable as it lengthens the fabrication process. There-
fore, the actuators are required to be fabricated without extensive post processing, such as machining. The
fabrication method should produce parts with sufficient geometrical accuracy. The gap between the piston
and the cylinder is closed by a seal. For the seal to work properly, the distance should be constant, therefore
the roundness of the cylinders should be maximized. Any distortions in the parts that occur during printing
are undesirable.

Sealing The sealing in a piston-cylinder system makes sure that the working fluid is contained in the de-
sired volume. A proper seal is crucial for the systems performance as leakage causes loss of pressure and
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contamination of the environment of the actuator [18]. The friction due to the seal should be minimized
avoid energy loss through heat production.

2.2. Design and fabrication method

2.2.1. Hand design

Working principle The structure of the mechanism of the prosthesis was based on the anatomy of the hu-
man hand. Each finger of the prosthesis consists of two slender bodies that can rotate with respect to each
other (see Figure 2.1). The first slender body represents the proximal phalanx. The second body represents
the middle and the distal phalanges. These are fixated with respect to each other to simplify the mechanism.
The distal interphalangeal joint (DIP joint) was fixated at a 15° angle, this is in accordance with the recom-
mended angle in the medical practice of fixating joints (arthrodesis) [36]. The proximal phalanx is connected
with a hinge to the palm on one side and to the middle-distal phalanx on the other side. The thumb that
is connected to the palm, is fixed. A fixated thumb is enough to realise a pinch and a power grip. The fin-
gers are actuated with two hydraulic piston-cylinder actuators each. The first creates a torque around the
metacarpophalangeal joint (MCP joint), as shown in Figure 2.3b, rotating the proximal phalanx. The second
one creates a torque around the proximal interphalangeal joint (PIP joint), rotating the middle-distal pha-
lanx. All cylinders are connected to the same pressure source and are essentially in contact with each other.
This means that there is one input signal: the pressure across the system. As there is only one control signal
and multiple degrees of freedom, the system is underactuated. The hand is closed by increasing the pressure
in the actuators. To open the hand, there are springs incorporated in the system that create a torque around
the joints, in the opposite direction of the actuators. Also, the pump is reversed during the opening of the
hand. The working principle of the prosthesis was based on that of the Delft Cylinder Hand [64]. Figure 2.1
shows the working principle of one finger.

Figure 2.1: Working principle of a finger of the Delft Cylinder Hand, a body powered upper limp prosthesis using hydraulic actuation [64].

Dimensions Phalanges The prosthesis should have a high cosmetic value, as discussed in section 2.1.1. A
convenient way to achieve this, is to cover the mechanism with an anthropomorphic cosmetic glove. This
gives the prosthesis the appearance of a human hand. Preferably, the glove should be made from silicone.
Silicone gloves have proven to require and dissipate less energy when flexing a joint, than PVC gloves [62]. In
practice, the selection of a specific model glove is based on the dimensions of the sound hand [57]. For the
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purpose of this study, a hypothetical hand was assumed with dimensions similar to that of an average Dutch
male. These dimensions were determined using DINED, an anthropomorphic database created by the TU
Delft. The mechanism of the prosthesis was designed to fit inside the selected glove. The model of the glove
only prescribes global hand dimensions, such as the total length of each finger. Therefore, the dimensions of
the individual hand segments are yet to be determined. For this purpose, a paper was used that focuses on
finding a pattern of length correlation of metacarpals and phalanges [13]. Buryanov and Kotiuk described the
relative distances between the joints of the finger with respect to the external finger dimensions, for a group
of 66 adult males. The soft tissue on the tip of the finger and the height of the web in between the fingers,
was also considered. The length of the phalanges of the prosthesis were determined by using the length
of the fingers of the glove and the relations described by Buryanov. The dimensions of the palm and the
thumb followed from the size of the glove. While closing and opening the hand, the fingers should be able to
move without making contact to prevent friction. To achieve this, there should be sufficient spacing between
the MCP joints, that connect the fingers to the palm. Finally, the structural elements of the hand should
be stiff [63]. As the hand pinches an object, the fingers start to elastically deform. They act as springs that
store a large amount of energy. Minimizing this elastic energy reduces the required input energy. Therefore,
the system was designed for stiffness, such that the stored elastic energy is minimized. As an example, the
stiffness of a cantilever beam that is constraint on one end, and loaded on the other, can be determined using
the following expression [12]:

K = 3E I

L3 (2.1)

Here, E is the elastic modulus of the material, I the moment of inertia of the beam and L the length of
the beam. This relation shows that a larger moment of inertia of a beam results in a higher stiffness. The
phalanges have a cross section that is similar to that of a square beam. This way, they can be printed without
support material, in multiple orientations as there are multiple flat surfaces that can be placed on the build
plate of the printer. The moment of inertia of a hollow rectangular beam, such as shown in Figure 2.2, can be
determined using the following expression [71]:

I = B H 3

12
− bh3

12
(2.2)

Based on this expression, it can be concluded that if more material is placed near the outside perimeter
of a hollow beam, the moment of inertia increases.

Figure 2.2: Cross section of a hollow beam, with the dimensions used to calculate its moment of inertia.

Moment arm and cylinder dimensions As mentioned, the prosthesis is underactuated as it has more in-
dependently moving fingers and phalanges than it has actuators. However, the hand should also be able to
perform both a pinch grip and a power grip. Kragten et al. described how an underactuated hand can dif-
ferentiate between these grip types in a purely mechanical way [42]. To describe this process, the closing
of the hand around an object is considered. When the system is pressurised, the fingers rotate around the
MCP joint. The PIP remains extended due to the spring. As soon as a finger makes contact with the object,
a reaction force is applied on the finger at the point of contact. This force creates a reaction torque around
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Figure 2.3: Schematic side view of the finger mechanism with a) the forces and b) torques acting it.

the PIP joint and the MCP joint. If the initial contact with the object is at the fingertip, the PIP joint should
remain extended such that the finger acts as a rigid body and rotates around the MCP joint. This is achieved if
around the PIP joint, the reaction torque of the object is larger than the actuator torque. This way, a precision
grip is realised. However, if the initial contact with the object is not at the fingertip, the moment arm of the
reaction force is smaller and therefore the reaction torque is smaller (see Figure 2.3b). Now, around the PIP
joint, the reaction torque is smaller than the actuation torque, and the middle-distal phalanx flexes. In this
case, the object is pushed towards the palm and enclosed by the fingers; a power grip is achieved. There are
certain geometrical constraints on the mechanism to grasp according to the elaborated process. Primarily,
to establish equilibrium of the fingers in both a precision grip and a power grip, the transmission ratio R
should be considered. This is the ratio between the actuation torque Tactuator,PI P around the PIP joint and
Tactuator,MC P around the MCP joint, described by [43]:

R = Tactuator,PI P

Tactuator,MC P
(2.3)

For the mechanism to establish both a stable pinch grip and a power grip, the transmission ratio should
fulfill the folowing constraints, as described by Kragten et al.:

2
(
M −L2

0

)(
M + (L0 −L1)2

)
4M

(
L2

0 +M
) ≤ R ≤ (L0 −L1)

(
M + (L0 −L1)2

)
M (L0 −2L1)+L0 (L0 −L1)2 (2.4)

For the mechanism of the hand, L1 is equal to the length of the proximal phalanx. L0, that describes the
distance between the MCP joint and the thumb, is approximated using 1

2 ·L1. M is defined as:

M = 1

4

(
dobj −2t

)2 (2.5)

In this expression, t is the distance from the centreline between the joints and the side of the phalanx
near the object, dob j is the diameter of the object that is grasped. Using the dimensions of the phalanges,
this equation can be used to determine the required transmission ratio. The actuation torque applied by the
proximal and distal actuators can be calculated as follows:
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Tactuator = aactuator ·Factuator

= aactuator ·P · Ac yl i nder

= aactuator ·P ·π · r 2
c yl i nder

(2.6)

In which aactuator is the moment arm of the actuator, P the pressure in the actuators and Ac yl i nder the
surface area of the cylinder.

Substituting this in equation 2.3 for the transmission ratio, results in:

R =
aactuator,di st al · r 2

c yl i nder,di st al

aactuator,pr oxi mal · r 2
c yl i nder,pr oxi mal

(2.7)

This equation shows that the transmission ratio of the fingers depend on the radius of the cylinders and
the moment arm of the actuator. The radius of the cylinder and the moment arm of each actuator should be
chosen such that the transmission ratio complies with the constraints set by equation 2.4. Additionally, the
dimensions of the glove impose a second constraint on the actuator dimension. The actuators and phalanges
should fit inside the glove, both in extended and flexed configuration. The cross sections of the fingers of the
glove was approximated to be a circle. Hence, the radius of the fingers could be calculated using the outside
perimeter given by the manufacturer of the glove. Finally, the radius of the cylinder and the moment arm
are not independent as the radius of the cylinder is constraint by the moment arm, as seen in Figure 2.4.
Assuming there is material of the proximal phalanx located at the centerline between the PIP and MCP joint,
for the moment arm of the cylinder holds:

aactuator ≥ rc yl i nder + s (2.8)

Here, s is the wall thickness of the cylinder. To achieve the highest possible pinch force, the actuation
torque should be maximized. The actuation torque scales quadratically with the cylinder radius and linearly
with the moment arm, as seen in equation 2.6. Therefore, the radius should be maximized while still comply-
ing with the aforementioned constraints. The inner radius should be a round number such that the cylinder
is compatible with a commercially available O-ring, as was discussed in section 2.2.2.

Figure 2.4: Schematic side view of the proximal phalanx and the distal cylinder within the cosmetic glove.
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Springs The function of the springs in the mechanism is to open the hand. The springs apply a torque
around the MCP joint and PIP joint that is opposite to the actuation torque. When the power to the pump is
turned down, or if the pump is reversed, the pressure drops and the actuation torque decreases, the springs
drive back the pistons such that the finger is extended. When at rest, the springs keep the phalanges against
the extension stop such that the fingers are in equilibrium. The spring torque depends on the spring char-
acteristics, the elongation and the points of engagement on the phalanges. The points of engagement at
which the springs are attached to the phalanges, are chosen based on the available space in the mechanism.
Then, the desired spring torque can be achieved by choosing springs with the appropriate characteristics.
The resulting spring torque can be calculated using equations 2.15 and 2.16. The spring torque should be
sufficient to drive back the piston and open the hand when the pump is reversed. In a study on 3D printed
cylinders, the friction force F f r i ct i on between an O-ring seal and an unreamed SLA printed cylinder, was de-
termined to be ∼ 15N at a pressure of 1.1 MPa [50]. This gives the order of magnitude of the friction force in
the cylinder, which is estimated to be 10-20 N. To drive back the piston, the drive back force from the springs
Fdr i veback,spr i ng s should be larger than the friction force, such that: Fdr i veback,spr i ng s > F f r i ct i on . There is
some contribution of the reversing of the motor during opening, which creates a partial vacuum in the cylin-
der. The maximum driveback force this causes to be applied on the piston, can be be calculated as follows:

Fvacuum = Patm · Ac yl i nder

= 0.1013MPa ·78.5mm2

= 7.96N

(2.9)

The spring force reduces the maximum pinch force as the spring torque is opposite to the actuation
torque. Therefore, the spring force should be limited. Moreover, the transmission ratio should still com-
ply with the constraints expressed in paragraph Moment arm and cylinder dimensions, section 2.2.1. Adding
the spring torque to the equation for the transmission ratio, equation 2.3 becomes:

R = Tactuator,PI P −Tspr i ng s,PI P

Tactuator,MC P −Tspr i ng s,MC P
(2.10)

Joints In this paragraph, the design considerations for the joints of the mechanism are considered. Each
finger consists of six bodies: two phalanges and two sets of a piston and a cylinder (Figure 2.5). The bod-
ies are connected with six joints. The function of the joints is to constrain all undesired degrees of freedom.
There are three main requirements for the joints; they should allow for easy assembly, add little extra parts to
the device and the friction should be limited. To determine the best joint type for each joint, first they were
divided in three categories based on their characteristics. Per category, different optional joint types and how
well they meet the requirements, are discussed. The joint type used in the final design was chosen based on
this discussion. The joints are labelled A to D, MCP and PIP, as shown in Figure 2.5. The first classification
step was made based on how the joints are loaded. The joints between the phalanges, the MCP and PIP joint,
are loaded in multiple directions as the hand is operated. Contrarily, the joints from the actuators, A to D,
are only loaded in compression. Both parts connected in each of these four joints are always pressed against
each other, due to the spring force designed to open the hand. A second classification step was made based
on the range of motion (ROM) of the joints. The MCP and PIP joints have a similar range of motion. Joints A
and C also have a ROM of about 90 degrees. However, the joints at the cylinders, B and D, only rotate for ap-
proximately 5 degrees. Now, the joints with similar characteristics were divided in groups 1, 2 and 3, as shown
in Table 2.1. The possible joint types per group were based on a paper on joint types used in instruments
for minimally invasive surgery [37]. Belted joints or joints based on bending were not considered, as these
require additional parts or a multi material structure, increasing the complexity of fabrication considerably.
The first joint type that was considered, is the sliding hinge joint, or a pin joint, schematically displayed in
Figure 2.6a. The joint can take loads in all directions, constraining five degrees of freedom. Since the num-
ber of parts is to be minimized, the joint is assumed to be fabricated without an additional bearing. Then,
the joint can be designed to consist of two or three parts, depending on the use of a separate or integrated
pin. Some assembly effort is required either way. During rotation, the friction in the joint results is a friction
torque acting on the pin. This friction torque can be calculated using the following equation [16]:
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Figure 2.5: Schematic side view of the joints within the finger mechanism.

T f r i ct i on = f ·Faxle ·
d

2
(2.11)

Here, f is the friction coefficient and Faxle is the load. To minimize the friction moment, the pin di-
ameter d should be minimized. The entire joint can be 3D printed. Then, minimizing the pin diameter
becomes challenging as small 3D printed structures tend to be brittle and the joint should be able to carry
the required load to pinch 30 N. A paper presenting a 3D printed hand prosthesis with fully 3D printed joints,
states that any parts that carry a load should have a sufficient cross sectional area to prevent the risk of mate-
rial failure [17]. This prosthesis shows that the MCP joint requires considerable space when fully 3D printed,
even when designed to pinch with 6 N. The second joint that was considered, is the sliding curved joint
(Figure 2.6b). A benefit of this joint is that it can easily be assembled, and fabricated out of two parts. A dis-
advantage is that can not support loads that separate the two surfaces, meaning it should be loaded under
compression. The friction can be approximated using equation 2.11, substituting the diameter of the joint
surface for the pin diameter d . The third option is a rolling friction joint, schematically depicted in Figure 2.6c.

Table 2.1: Classification of the joints based on the load direction and ROM.

Group 1 Group 2 Group 3
Joints MCP, PIP A, C B, D
Load direction Multiple Compressive Compressive
ROM ∼ 90° ∼ 90° ∼ 5°
DOF 1 1 1
Possible joint types Sliding hinged joint Sliding hinged joint, Sliding hinged joint,

sliding curved joint, sliding curved joint,
rolling friction joint, rolling friction joint,
rolling toothed joint rolling toothed joint
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Similar to the sliding curved joint, it has the benefits of easy fabrication and assembly, and can only be loaded
in compression. Additionally, any transverse forces should be minimized as this can cause the convex part
of the joint to slip or break away. The losses in a rolling joint are due to the deformation of the surfaces and
depend on the normal load [45]. The surface roughness of the materials only has a minor contribution to the
energy loss. Any plastic deformation of the surfaces would increase the energy loss dramatically. This should
be considered in the design, especially if the joint is 3D printed and materials with a low yield strength are
used. Finally, the rolling toothed joint could be used (Figure 2.6d). This joint type has similar characteris-
tics as the rolling friction joint. However, the toothed surface make it more resistant to forces parallel to the
contact plane of the joint. Fabricating such a joint using 3D printing, is challenging. Small scale 3D printed
gears could fracture and the fracture behaviour of 3D printed materials has shown to be dramatically differ-
ent compared to conventional materials [77]. Finally the range of motion of the joints is discussed. As stated
in the requirements, the fingers should have a ROM similar to that of a human finger. Literature shows that
the ROM of the MCP joint ranges from -19 degrees extension to 90 degrees flexion. For the PIP joint, this is
-7 degrees extension to 101 degrees flexion [4]. However, the functional range of motion, the ROM needed
to perform tasks of daily living, is significantly smaller. The functional ROM is 48% and 59% of the ROM of
the MCP joint and the PIP joint, respectively. An extension stop and a flexion stop can be implemented to
constrain the motion of the finger to a ROM that is similar that of a human finger.

Figure 2.6: Graphical description of the joint types that were considered: a) Sliding hinged joint, b) sliding curved joint, c) rolling friction
joint, d) rolling toothed joint. The schematic visualisation are used from Jelínek 2014 [37].

2.2.2. Actuator design

Force and pressure To design the actuators, it was necessary to determine the required pressure in the
cylinders. The force that each of the cylinders delivers and the pressure P can be calculated using the follow-
ing equation:

Factuator = P · Ac yl i nder

P = Factuator

Ac yl i nder

(2.12)

The area of the cylinder Ac yl i nder follows from its radius. The radius of both cylinders was determined
based on the constraints on the transmission ratio, as described in section 2.2.1. The requirements state that
the hand should be able to pinch 30 N. During pinching, there is only flexion at the MCP joint, as described
in section 2.2.1. The required force can be calculated by using the required pinch force of 30 N and evaluating
the equations of rotational equilibrium around the MCP joint:∑

Mmcp = 0 (2.13)
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Considering the MCP joint, the sum of the moments is equal to the sum of the torques around the joint.
Equation 2.13 then becomes:

−Tactuator +Tspr i ng s +Tpi nch = 0 (2.14)

Tspr i ng s is the torque applied by the springs that open the hand, Tpi nch is the reaction force caused by the
pinching force. Counter clockwise rotation is defined as positive. First the required actuator toque Tactuator

was determined. Then the actuator force was calculated and finally, the required pressure. To solve equation
2.14, the following assumptions were made: The hand is pinching an object between the tip of the distal
phalanx and the tip of the thumb. The bodies are in equilibrium such that the hand remains in a pinching
configuration and does not convert to a power grip, as described in section 2.2.1. In this configuration the
PIP joint is at 0 degrees flexion and the middle phalanx is against the extension stop. The hand is pinching
an object of negligible thickness, such as a piece of paper. Inspection of the design shows that pinching a
slightly larger object requires less force as the moment arm of the proximal actuator increases. The reaction
force that the object exerts on the finger is assumed to be perpendicular to the centreline of the distal phalanx
and is applied exactly at the tip of the distal phalanx. In reality, the exact point of application and direction of
the force will vary as the tip is rounded and a wide range of objects can be handled. Using the furthest point
on the centreline of the distal phalanx (see Figure 2.3), provides a margin to overcome these uncertainties as
the actual reaction torque by the pinch force can only be smaller. The springs apply a positive torque around
the MCP and PIP joints. It was assumed that each spring is linear such that the force is proportional to its
elongation. The torques were calculated using the following formulae:

Tspr i ng s = 2 ·Fspr i ng ·aspr i ng (2.15)

With aspr i ng being the moment arm of the spring. The force of a single spring Fspr i ng can be calculated
as follows:

Fspr i ng = cspr i ng ·∆L+F0 (2.16)

Substituting the spring torque Tspr i ng and the reaction torque from the pinch force Tpi nch into equation
2.14 and rewriting, yields an expression for Tactuator . The required pressure Pr equi r ed can be determined by
solving this expression for Tactuator and using the following relationship:

Tactuator = aactuator ·Factuator

= aactuator ·Pactuator · Ac yl i nder

(2.17)

Finally, in the pinching configuration, the PIP joint is at 0 degrees flexion and the middle-distal phalanx
was assumed to be pressed against the extension stop. To test this assumption, the equilibrium equations
were evaluated around the PIP joint using the required actuator pressure Pactuator found using equation
2.17.

∑
Mpi p =−Tactuator,pr oxi mal +Tspr i ng s,pr oxi mal +Tpi nch,pr oxi mal −Textensi onstop = 0 (2.18)

As the pressure is known, Tactuator,pr oxi mal can be evaluated using equation 2.17. Substituting the torques
in the equilibrium equation gives the toque delivered by the extension stop Textensi onstop . If this torque is in
opposite direction of Tspr i ng s,pr oxi mal , the phalanx is pressed against the extension stop and the assumption
is justified. It should be noted that the calculated pressure Pactuator is only an estimation of actual cylinder
pressure required to pinch with 30 N. In addition to the geometrical simplifications, the phalanges were as-
sumed to be infinitely stiff. Moreover, any friction was omitted and the hydraulic efficiency of the cylinders
was assumed to be 100%.
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Cylinder dimensions The function of the actuators is to deliver the force that is required for the hand to
pinch 30 N. The actuator consists of three main elements: the piston, the cylinder and the tubing. It operates
as a single acting piston cylinder system, meaning that the pressure acts on one side of the piston. The piston
is driven back by the springs. In this section, the design considerations for the cylinder are discussed. There
are three requirements from the actuator that are relevant for the cylinder: it should safely operate at the
working pressure, it should fit within the mechanism of the phalanges and the cosmetic glove, and it should
allow for easy assembly of the actuator. In section 2.1 it was emphasised how the actuators are to be fabricated
without extensive post processing such as machining or using a reamer. Firstly, following the requirements
for easy assembly of the actuators, the cylinder was designed as a single part such that it can be printed in
a single step. A tube connector is to be mounted on this cylinder body to allow the tubing to be connected
and disconnected from the cylinder. The bottom of the cylinder body should allow it to rotate with respect
to the phalanx it is mounted on; this side is part of the joint as described in paragraph Joints in section 2.2.1.
Secondly, the cylinder should fit within the mechanism and the cosmetic glove which poses constraints on
its dimensions. Moreover, the inner radius of the cylinder was already determined based on the restrictions
on the transmission ratio elaborated on in paragraph Moment arm and cylinder dimensions in section 2.2.1.
Finally, it is essential that the actuation system can safely withstand the pressure required to operate the
hand. Moreover, it should be robust enough to withstand any external impact or unexpected peak pressures.
For the cylinders this means that the wall thickness should be sufficient to withstand the pressure. Generally,
cylinders are divided into two groups, based on their geometry: thin walled and thick walled cylinders. For
thin walled cylinders, it can be assumed that the stresses are uniformly distributed through the wall. This
simplifies the stress calculations significantly [73]. For thick walled cylinders, it can no longer be assumed
that the stresses are uniformly distributed through the wall. The problem becomes more complicated as not
only equilibrium equations must be considered, but also the compatibility equations. To determine if the
cylinder can be considered thin walled, a common international convention is used whereby a cylinder is
thin walled if [73]:

s

di
≤ 1

20
(2.19)

The inner radius of the proximal and the distal cylinders of the design are known. For the designed cylin-
ders to be considered thin-walled, the wall thickness should be:

Pr oxi mal : sp = 10mm

20
= 0.50mm

Di st al : sd = 7mm

20
= 0.35mm

(2.20)

These thicknesses seemed to be insufficient for the cylinder to be robust and able handle pressures of >
1.4MPa. Therefore, for design purposes, the cylinders were assumed to be thick walled. This assumption was
reflected on as the detailed design is finished. Furthermore, the material was assumed to be homogeneous.
This makes the stress calculations significantly less complicated. This assumption is to be discussed as its
validity depends on the material and fabrication method. To determine the required wall thickness of the
cylinder, the stress caused by the internal pressure was considered. The stress in the wall can be divided into
three principle stresses: the radial stressσr , the transverse stressσt and the axial stressσa . The radial stress is
the stress in the direction of the radius. The transverse stress is always perpendicular to the radius and lies in
the plane perpendicular to the central axis of the cylinder. The axial stress is parallel to the central axis of the
cylinder. The multiaxial stress state as described, can be approached by transforming the stress tensor into a
single equivalent stress σe . This equivalent stress can be treated as a tensile stress and thus compared with
the material’s yield strength [73]. However, the equivalent stress in itself is not of interest as the wall thickness
is to be determined. To do this, the equivalent stress was equated to the allowable material stress, and then
solved for the wall thickness s. This resulted in the following expression, taken from “Circular Cylinders and
Pressure Vessels” by Vincent Vullo [73]:

s = ri

(√
σw +pi

σw −pi
−1

)
(2.21)
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Here, σw is the yield strength of the material of the cylinder wall. Equation 2.21 can be used to determine
the minimum wall thickness for the cylinders to withstand the operating pressure calculated according to the
paragraph Force and pressure in section 2.2.2. A safety factor was used such that the actuator can withstand
unexpected peak pressures. This safety factor is defined as:

S f = Pyi eld

Pwor k
(2.22)

The internationally used ASME standard requires a safety factor of 3.5 for pressure vessels [14]. Other
sources state that a safety factor of 3.5 to 6 is common practice in the design of pressure vessels [22]. For the
purpose of this study, a safety factor of 4 was used. Practically, this means that the cylinder was designed such
that it can withstand a pressure of four times the operating pressure without failure.

Piston and sealing The piston has the function to transfer the pressure in the cylinder to a force applied
on the phalanx it is connected to. The end of the piston that drives the phalanx is part of a joint that was
designed according to paragraph Joints in section 2.2.1. The other end of the piston slides trough the cylinder.
A seal between the piston and the cylinder prevents the working fluid to leak from the desired volume. In
this section, the design considerations are discussed for the seal and the piston rod. The seal is a critical
element of the actuator as it prevents leakage which can cause pressure loss in the cylinder [18]. The first
requirement for the seal as described in section 2.1 is that the seal should minimize leakage. Secondly, the
seal should be designed to have minimal friction to avoid heat production and thus energy loss. Various types
of seal design are possible, however, contact seals such as O-rings or lipseals are most common in hydraulic
applications [18]. O-ring seals can operate at a wide range of pressures and are cost-effective [53]. A one-
component O-ring seal was chosen as it requires the least amount of space. Also, both the number of parts
and the assembly steps is minimal. O-rings can be mounted in series, however, the first one always carries the
full load. Moreover, adding a second O-ring to a piston of a certain length, significantly decreases the possible
stroke. An O-ring seal consists of two elements: the O-ring and the gland in which it resides. To design the
most optimal seal, the Parker O-ring handbook is used [53]. The outer diameter of the O-ring follows from
the diameter of the cylinder, its cross-sectional diameter and material are determined based on literature. An
important parameter in O-ring seal design, is the squeeze ratio. This is a measure of the degree at which the
ring is squeezed between the piston and the cylinder wall. One of the reasons an O-ring seal works is that it
has the tendency to return to its original shape [53]. The seal was designed to have a squeeze ratio rsq of 10%,
which is in accordance with literature and the recommendation of a manufacturer [25, 53]. The following
formula was used to determine the piston groove diameter to achieve the desired squeeze ratio:

PGD = Dout −2 ·Dcr oss,squeezed (2.23)

As shown in Figure 2.7, PGD is the piston groove diameter, Dout the outer diameter of the O-ring and
Dcr oss,squeezed is the cross-sectional diameter when squeezed. The squeezed cross-section diameter can be
calculated using the following equation:

Dcr oss,squeezed = (1− rsq ) ·Dcr oss (2.24)

Finally, the design of the piston rod is considered. The piston rod forms the connection between the joint
at the end of the piston and the side with the O-ring seal that slides though the cylinder. The rod should
withstand the high compressive forces without buckling. Moreover, the axis of the piston and the axis of the
cylinder should be collinear to prevent asymmetrical loads and friction.

Tubing and connectors The tubes connect the pump to the cylinders. The tube connectors that are mounted
on the cylinders allow the actuators to be disconnected from the system. The most important requirement
for these components, is that they can operate without leakage at sufficiently high pressures. Furthermore,
the dimensions should be such that the tubing and the connectors fit within the mechanism and the glove.
The tubing and the connectors were selected to be compatible and modular with respect to each other, such
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Figure 2.7: Cross section of the gland of the O-ring seal. Key dimensions are indicated.

that the prosthesis can be disassembled and parts can be replaced. The size of the tube connectors are con-
straint by the available space within the glove and the mechanism. Preferably the connector has a locking
sleeve that can be slid over the tube and locked on the hose insert. Generally, such connectors are used at
higher pressures and a locking sleeve can prevent leakage [48]. The tube connectors are mounted on the
cylinders through a threaded connection. This connection should withstand the load caused by cylinder
pressure, without leakage. To determine the pressure at which the threaded connection fails, it was assumed
that the failure mode is thread stripping of the female thread. This assumption is based on the difference in
yield strength of the metal tube connector and the 3D printed polymer cylinder in which a thread is tapped.
For example, the ultimate yield strength for polyamide is 85 MPa, for steel it is 400 MPa [21]. The maximum
operating pressure was determined by calculating the shear force at failure, using the following formula:

F f ai l =σshear · Ath (2.25)

Here, Ath is the total thread shear area. The shear strengthσshear can be approximated using the following
relation, based on the Von Mises criterium: σshear = 0.577 ·σtensi le . The shear area was calculated using a
geometrical relation, cited by multiple sources [20, 23]:

Ath = 0.5 ·π ·dpi tch ·Le (2.26)

Where dpi tch is the pitch diameter of the thread and the length of engagement is Le = nthr ead s ·hpi tch .

Pump and electrical components The function of the pump is to convert kinetic power into hydraulic
power. Two main requirements apply on the pump, based on the requirement for the prosthesis as described
in section 2.1. Firstly, the pump should generate the pressure necessary to achieve a pinch force of 30 N,
namely Pwor k . Secondly, the mass of the pump and motor together, should be less than half of that of the
prosthesis. This was based on an estimate of the contribution of different elements to the total mass of the
prosthesis, which should be < 426g (section 2.1). Concisely, the weight of the pump should be minimal while
still generating sufficient pressure, therefore, the mass over pressure ratio was minimized. Various pump
types are used in the field of hydraulics, ranging from gear pumps to piston pumps. A study performed in
2019 by Mark van Dort compared commercially available pumps based on their mass and their output pres-
sure difference [72]. Based on this comparison, it was concluded that an external gear pump is the only type
of pump that complies with the requirements. Commercially available internal gear pumps, axial and radial
piston pumps, and vane pumps were found to be too heavy for this application. External gear pumps are gen-
erally known for their compactness, low cost and relatively high efficiency [32]. Two pumps were considered
to be used, hereafter Pump A and Pump B. Pump A is the pump with the lowest mass to generated pressure
ratio included in the study by Mark van Dort. Secondly Pump B, a small external gear pump that was not
included in the study, has a similar generated pressure to mass ratio. Table 2.2 shows a comparison of the
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specifications of both pumps. It was decided to use Pump B based on the generated pressure and generated
pressure over mass ratio. The hydraulic oil that is recommended by the retailer of Pump A was used as the
hydraulic fluid.

Table 2.2: Pump characteristics of the two pumps that were considered. Pump B was selected.

Pump A [49] Pump B [66]
Generated pressure 2.0 MPa 4.5 MPa
Mass 30 g 66 g
Pressure/mass ratio 15.0 13.2
Geometry (lxbxh) [mm] 27x26x17 30x30x25
Retail price € 64.99 € 46.43
Retailer Magom HRC Top-Gun RC Store

The pump is powered by a brushless electric motor. The motor that came attached to the pump is used
and is assumed to be appropriate for this application. A disadvantage of the selected pump is that the motor
specifications were not disclosed.

The rotational velocity of the motor is controlled using an electronic speed controller (ESC). This de-
vice also controls the rotational direction. An ESC is connected directly between the motor and the power
source. It controls the motor through pulse width modulation (PWM). PWM is a technique that creates a
signal consisting of variable width pulses to create an analog signal with a certain amplitude. For example, a
5V PWM signal consists of alternating periods of 5 V and 0 V. If the line is ‘open’ 50% of the time, the average
output voltage delivered to the motor is 2.5 V. There are two requirements for the ESC: it should allow for bi-
directional rotation of the motor and it should support the current going through the motor. The retailer of
the motor that is used, recommends a 40A ESC. Based on this information, it was decided to use the Aerostar
RVS 40A ESC [34]. It can be used in combination with a microcontroller such as an Arduino.

Finally, a power source was selected to complete the set of electronic components. It is important to
note that the power source was not considered in the weight of the prosthesis as it can be placed outside of
the hand and elsewhere on the body without drastic design implications. The ESC is compatible with LiPo
(lithium polymer) and NiMH (nickel metal hydride) batteries [34]. LiPo batteries are generally lighter as they
have a higher volumetric- and specific energy density [24]. Moreover, the power output of a LiPo battery is
said to be more steady throughout the discharge compared to NiMH batteries [26]. A LiPo battery consist of
one or more cells, connected in series. Each cell has a nominal voltage of 3.7 V [61]. This means that the total
voltage is: Vnomi nal = 3.7 ·ncel l s . The motor is advised to be used with a 11.1 V 3 cell battery [66]. The battery
that was selected for the purpose of this study, is an 11.1 V LiPo battery pack with a capacity of 1300 mAh [15].

2.2.3. Fabrication

Structural elements As discussed in the requirements, both the hand and the actuators are to be 3D printed.
In this section the fabrication method is discussed, first for the structural elements of the hand, then for the
actuators. The first requirements that relate to the fabrication of the structural elements, is that the system
should weigh less that a human hand, at 426 ± 26 g. Secondly, fabrication should be possible in a single step
and with a minimal number of post-processing steps. Finally, the structural elements should be stiff as to re-
duce the stored elastic energy in the fingers and the required input energy, as discussed in section 2.2.1. The

Figure 2.8: Schematic description of Stereolithography (SLA)[10].
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two printing techniques that were considered, were chosen based on their availability to the writer. Addition-
ally, these methods are among the most used methods of additive manufacturing and are widely adopted [60].
The first is Stereolithography (SLA), which is based on selective solidification of photocurable resin. Each ad-
ditional layer of the printed part is added by tracing a pattern with a laser which locally polymerizes the resin.
Figure 2.8 schematically shows a resin basin out of which a part is printed, while slowly lifting the build plate,
as a part is printed using SLA. One of the advantages of SLA, is the high surface quality [60]. The second
option that was considered, is Fused Deposition Modelling (FDM). FDM is a technique in which parts are
created layer-for-layer by depositing a string of thermoplastic material that is extruded through a nozzle. The
process is depicted schematically in Figure 2.9. Some of the benefits of FDM are that the process is cost ef-
fective and the parts require little post-processing [33]. Shown in Table 2.3, the techniques were compared
based on the following properties of the printed material: density, stiffness, cost per mm3 and ultimate yield
strength. The materials that were used for this comparison give a reasonable representation of the material
properties that can be expected from parts made with these print techniques. Considering the requirements,
the higher stiffness, and considerably lower cost of PLA, FDM was chosen as the fabrication method for the
structural parts. The slightly higher density of PLA with respect to the Formlabs Clear resin is of less concern
since FDM printed parts generally have an infill ratio of <100% [5]. The orientation in which the parts are
printed, depends on the geometry of the parts. Therefore, this will be elaborated on after the detailed design
is discussed.

Figure 2.9: Schematic description of Fused Deposition Modeling (FDM)[9].

Table 2.3: Properties of materials printed with Steriolithography (SLA) and Fused Deposition Modeling (FDM)

SLA FDM
Material Resin (Formlabs Clear 03) PLA
Density 1.15-1.20 g/cm3 [31] 1.25 g/cm3 [35]
Young’s Modulus 1.6-2.8 GPa [30] 3.5 GPa [35]
Cost 125.9 €/liter [28] 25 €/liter [1]
Ultimate Yield Strength 38-65 MPa [30] 35 MPa [35]

Actuators The requirements that concern the fabrication of the actuators are different than for the struc-
tural elements. The primary requirement for the actuators is that the cylinders should have a high surface
quality to minimize friction and leakage between the piston and the cylinder wall, as discussed in section 2.1.
It was emphasised how the actuators are to be fabricated without extensive post processing such as machin-
ing or using a reamer. Secondly, the fabrication method should yield parts with a high dimensional accuracy
and repeatable mechanical performance. Finally, the weight of the cylinders should be minimized to increase
the force to weight ratio, and the cylinders should be able to withstand the operating pressure Pwor k . Simi-
larly as done for the structural elements, both FDM and SLA were considered as a fabrication method for the
actuators. SLA is known for its high surface quality and the surface quality of FDM printed parts is known to
be low [33]. Moreover, the print accuracy and resolution of SLA is higher than that of FDM, according to an
established manufacturer of 3D printers [29]. Finally, the Formlabs Clear 03 resin has a lower density and a
higher yield strength, as shown in table 2.3. Considering the requirements and the specifications of both the
fabrication method and the material, SLA was chosen as the fabrication method for the actuators. The Clear
03 resin is compatible with the working fluid, hydraulic oil, which can act as a solvent [28]. The orientation
of the part with respect to the build plate during printing, possibly has an effect on the surface finish and
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texture of the cylinder. This means that the friction between the piston and the cylinder possibly depends
on the print orientation. To test this hypothesis, the friction was measured in cylinders that are printed in
different orientations. This experiment is elaborated on in section 2.3.

2.3. Evaluation method

2.3.1. Evaluation parameters

A prototype was made to test the performance of the prosthesis. All the fingers of the hand have the same
operating principle and similar dimensions. The proximal and distal actuators that were used, are equal in
each finger. Consequently, the performance of one finger was presumed to be representative for the other
digits. Therefore, the prototype embodies the index finger, the thumb and part of the palm, as to save time
and resources. The design was evaluated by determining how well it complies with the requirements. A
set of evaluation parameters was used to make a quantitative comparison between the prototype and the
requirements. The evaluation parameters for the actuators and the prototype are, respectively:

I Actuators

• Geometrical accuracy

• Static pressure

• Friction in the cylinder

• Weight

II Prototype

• Pinch force

• Closing time

• Weight

These parameters are determined through a set of experiments. In this section, the goal, setup and pro-
tocol of the experiments are discussed. Notably, the results from the experiments also function as a substan-
tiation of design choices and validation of certain assumptions.

2.3.2. Actuator - Geometrical accuracy

Goal The goal of this experiment was to determine the dimensions of a set of SLA printed cylinders. The
inner diameter, the wall thickness and the roundness were of interest. The set of cylinders consisted of prox-
imal and distal actuators. Variations are made in both the print angle and the designed wall thickness. The
aim was to compare the results and gain insight in any influence these parameters have on the geometrical
accuracy of the printed parts.

Setup Eight cylinders were tested, all fabricated through SLA printing. Their design and fabrication pa-
rameters are shown in Table 2.4. Each cylinder was placed in a vice after being cleaned with a dry paper
towel. A three point internal micrometer (Tesa S.A.) was used to perform the internal measurements (see
Figure 2.10b). This device has a resolution of 1µm. The outside diameter was measured using a micrometre
with a resolution of 10µm.

Protocol First, the internal diameter was determined in the middle of the cylinder, at approximately 14 mm
from the top brim. This was done by performing a set of four measurements, each with the measurement
tool rotated 90 degrees, in the horizontal plane, with respect to each other. The resulting contact points
between the micrometer and the cylinder are visualized in Figure 2.10a. Secondly, the diameter at the top is
the cylinder was determined, at approximately 4 mm from the brim. This was done in the same way as for the
middle. Finally, the outside diameter was determined at both the middle and the top, at approximately the
same height as the internal diameter. At both heights, two measurements were performed, each at rotated
90 degrees with respect to each other. Each value that was read from the micrometre was noted in Microsoft
Excel.
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Figure 2.10: a) Visualization of the contact points between the micrometer and the cylinder when measuring the cylinder diameter.
Each triangle represents one of the 4, 3-point measurements that was performed, rotated 90° with respect to each other,indicated with
numbers 1-4. b) Picture of the internal micrometer in one of the cylinders. The cylinder is placed in a vice.
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Table 2.4: Design and fabrication parameters of cylinders printed for measurements on geometry, pressure and friction. Cylinder code:
the first number stands for the order of the cylinders, the letter for the wall thickness and the last two numbers denote the print angle.

Cylinder code Designed Di n [mm] Designed s [mm] Print angle [deg]
Proximal 1A90 10.3 1.65 90

2A90 10.3 1.65 90
3A45 10.3 1.65 45
4A45 10.3 1.65 45
5B90 10.3 1.18 90
6C90 10.3 0.75 90

Distal 7D90 7.3 1.16 90
8D45 7.3 1.16 45

2.3.3. Actuator - Static pressure

Goal The goal of this experiment was to determine what pressures the actuators can withstand and if pres-
surization leads to any plastic deformation. As discussed in section 2.2.2, the cylinders were designed to have
a safety factor S f = 4. The safety factor is defined in equation 2.22 as the ratio of the yield pressure Pyi eld over
the estimated required operating pressure Pwor k . However, several assumptions were made in designing the
actuators. If the actuator would fail, the pressure at which the actuator fails could be used to determine the
actual safety factor. Secondly, by measuring the wall thickness and inside diameter of the cylinders before
and after pressurisation, any plastic deformation could be observed. Three variations of the proximal actua-
tor were used, each with a different wall thickness s. The cylinders each have a different safety factor: 2, 3 and
4, respectively. The cylinders that are used, are all printed at a 90 degree angle from the build plate.

Setup The actuator was clamped between a vertical press using two FDM printed clamping attachments.
A 4x2.5 polyamide tube was connected to the tube connector of the cylinder. The other and of the tube
was connected to a pressure sensor that measures up to 10 MPa (ATM/Ex Analog Pressure Transmitter, STS
Sensor Technik). A data acquisition system (USB-6002 12-Bit DAQ, National Instruments) was used to con-
nect the sensor to a laptop that runs LabVIEW 2018 to collect the data. Water was used as the working fluid.
A schematic overview of this setup is depicted in Figure 2.11. A picture taken during the measurements is
shown in Figure 2.12.

Figure 2.11: Schematic test setup of the pressure measurements. The tubes are denoted with an a, the wires with b.

Protocol The same experiment wass performed with each of the three cylinders, according to the following
protocol:

1. The dimensions of the cylinder are measured using an internal micrometer, following the complete
protocol as described in section 2.3.2.
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2. The cylinder is placed vertically in the press. The initial pressure is zero. Turning the handle on the
press, the pressure is increased from zero to approximately 1 MPa. After holding the handle of the
vertical press at the same level for a few seconds, the pressure is relieved gradually.

3. The dimensions of the cylinder are measured, in the same manner as at step 1.

4. The cylinder is placed vertically in the press. The initial pressure is zero. Turning the handle on the
press, the pressure is increased from zero to 3.5 MPa, or until failure occurs. The pressure is relieved
gradually.

5. The dimensions of the cylinder are measured, in the same manner as at step 1.

6. The cylinder is placed vertically in the press. The initial pressure is zero. Turning the handle on the
press, the pressure is increased from zero to 4.5 MPa or until failure occurs. The pressure is relieved
gradually.

7. One final time, the dimensions of the cylinder are measured, in the same manner as at step 1.

Figure 2.12: Setup of the pressure measurements with: a) the cylinder placed in a vertical press, b) the pressure sensor, c) a data acquisi-
tion system. The cable at the right side of the frame, is connected to a laptop running LabView.

2.3.4. Actuator - Friction in the cylinder

Goal The primary goal of this experiment was to compare the friction in cylinders that are printed at a
different print angle. Therefore, the friction force on the piston was determined, as it moves through the
cylinder. To do this, the pressure was measured during a dynamic operating cycle of the actuator. First the
piston was extended to lift a certain weight, then, the piston is retracted partially while still lifting the same
weight. The friction force on the piston is always opposite to its movement, the force of the load on the piston
is always in the direction of gravity. During the extension phase, the friction force and the load are in the same
direction. During retraction, the friction force and the load are in opposite directions. Therefore, the required
pressure to carry the load is expected to be different for both phases. The experiment was designed to mea-
sure this difference. Secondly, the output force of the actuator at different pressures could be determined. By
comparing this to the theoretical force output at that pressure, the hydraulic efficiency could be determined.
To limit the number of variables, the measurements were performed on the proximal cylinders, as the same
physical principles apply to both the proximal and distal actuator. As discussed in section 2.2.3, two types of
the proximal cylinder were used: printed at 90 degrees and 45 degrees with respect to the build plate. As such,
the friction force could be compared for these different print orientations. The two cylinders that were used,
and their design parameters, can be found in Table 2.4, using cylinder codes: 3A45 and 5B90.
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Setup The lead cylinder that was used to pressurise the system, was placed in a vertical press. A 4x2.5
polyamide tube was connected to the tube connector of the lead cylinder. The other and of the tube was
connected to the cylinder of the actuator. The cylinder base of the actuator was clamped vertically in a vice
using a FDM printed clamping attachment. A second attachment was mounted on the piston with a cable
connected to it. The cable can be used to suspend weights from the piston. In between the cylinders, using
a T-connector, a pressure sensor was placed that measures up to 10 MPa (ATM/Ex Analog Pressure Trans-
mitter, STS Sensor Technik). To collect the data, a data acquisition system (USB-6002 12-Bit DAQ, National
Instruments) connected the sensor to a laptop that runs LabVIEW 2018. A schematic overview of this setup
is depicted in Figure 2.13. An image of the setup is shown in Figure 2.16.

Figure 2.13: Schematic test setup of the friction measurements. The tubes are denoted with an a, the wires with b.

Protocol

1. Initially, the lead piston is extended and the actuator piston is retracted, with an initial system pressure
of zero. A weight of 6.49 kg is suspended on the actuator piston. The handle of the vertical press is
turned to compress the lead cylinder; the actuator piston extends to about 16 mm and lifts the weights.

2. After a minimum of 2 seconds, the handle of the vertical press is turned back and the actuator piston
retracts 8 mm.

3. After a minimum of 2 seconds, the piston is extended back to about 16 mm.

4. Finally, after a minimum of 2 seconds the pressure is relieved and the system pressure is back to zero.

These steps were repeated five times per cylinder.

2.3.5. Prototype - Pinch force

Goal In this experiment, the pinch force of one of the fingers of the prosthesis was determined. The re-
quired pinch force of 30 N was used to calculate the operating pressure of the actuators. However, in these
calculations, a simplified model of the hand was used in which the phalanges were considered rigid. Also,
the joints and the piston were assumed frictionless. Insight in the actual losses due to friction and elastic
deformation can be gained by comparing the theoretical pressure force relation with an experimentally de-
termined pressure force characteristic. To gain insight in the pressure force relation, the pinch force was
measured at different pressures. Using this data, the force efficiency can be calculated. It was assumed that
the force efficiency of one finger is representative of that of the other fingers, therefore, the experiment was
conducted with the prototype consisting of one finger together with part of the palm with thumb.

Setup For this experiment, measurements were performed on the prototype. The base of the prototype
was placed in a vice. A 4x2.5 polyamide tube connected the actuators to the pump. The pump was controlled
using a potentiometer connected to an Arduino. Using a clamp stand, a load cell was positioned at the thumb
at the place of contact with the fingertip (Figure 2.17). The load cell is 19 mm wide in the pinched direction
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and measures up to 45 N (Futek Advanced Sensor Technology Inc.). A pressure sensor was connected to the
hydraulic circuit, using a T-connector, that measures up to 10 MPa (ATM/Ex Analog Pressure Transmitter,
STS Sensor Technik). A data acquisition system (USB-6002 12-Bit DAQ, National Instruments) connected the
sensor to a laptop that runs LabVIEW 2018. The setup was depicted schematically in Figure 2.14. Figure 2.15
shows the hydraulic and electric circuits. Hydraulic oil was used as the working fluid.

Protocol

1. Initially, the finger is extended at 0 degrees flexion and the pistons of both actuators are retracted. The
pump is used to flex the finger. The fingertip makes contact with the object.

2. The pressure is increased until the measured force is about 15 N.

3. The power to the pump is set to 0. After about one second, the direction of the pump is reversed.

4. The finger is opened by turning on the pump, until the finger is at 0 degrees flexion.

These steps were repeated 6 times, first with a pinch force of around15 N, then 23 N, and finally 30 N.

Figure 2.14: Schematic test setup of the pinch force measurements.The tubes are denoted with an a, the wires with b.

.

2.3.6. Prototype - Closing time

Goal The prosthetic hand should have a closing time of 0.25–1.0 seconds, as described in section 2.1.1. The
goal of this experiment was to determine the closing time of a single finger. Using this, the closing time of
the hand with four fingers can be estimated. The closing time depends on the performance of the pump.
Therefore, for this experiment the pump was used as the pressure source. The closing and opening time was
determined based on both a video recording and a measurement of the pressure over time.
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Figure 2.15: Setup of the pinch force measurements. Here, a) is the electric circuit with from left to right: the battery, the breadboard
with potentiometer and Arduino Uno, and the ESC. Then, b) is the motor and pump, c) the pressure sensor, d) the amplifier and the data
acquisition system, and e) the prototype with the load cell. The cable at the right side of the frame, is connected to a laptop running
LabView.

Setup The prototype consisting of one finger connected to a cutout of the palm was used for this experi-
ment. The cutout was placed in a vice. The actuators are connected to the pump with a 4x2.5 mm polyamide
tube. A pressure sensor was connected between the pump and the actuators, using a T-connector. The sensor
measures up to 10 MPa (ATM/Ex Analog Pressure Transmitter, STS Sensor Technik). A data acquisition system
(USB-6002 12-Bit DAQ, National Instruments) connected the sensor to a laptop that runs LabVIEW 2018. A
phone placed in a tripod was used to capture the finger on video. Hydraulic oil was used as the working fluid.

Protocol

1. Initially the finger is at 0 degrees flexion. Then, the pump is turned on to ∼ 50% power.

2. After the finger touches the thumb, the pump is turned off and finger is kept in a pinching configuration
for approximately 1 second.

3. The pump is reversed.

4. The pump is turned on and the finger opens. As the finger reaches 0 degrees flexion again, the power is
turned off.



2.3. Evaluation method 27

Figure 2.16: Setup of the friction measurements, where a) is
the lead cylinder placed within a vertical press, b) is the pres-
sure sensor, c) is the cylinder of which the friction force is to
be determined, together with a cable suspension system, and
d) is the mass attached to the cable.

Figure 2.17: Prototype of the one of the fingers of the pros-
thesis. This was part of the setup used for the pinch force
measurements. On the right side of the image, a lead cell is
visible.





3
Results

3.1. Design and fabrication results

3.1.1. Hand design

Dimensions phalanges The average human hand length of a Dutch male is 196 mm, based on the anthro-
pomorphic database DINED. The average index finger length is 78 mm. A silicone cosmetic hand was selected
from Regal Prosthetics LTD. The model that matches the aforementioned dimensions most closely, is the 101L
XL1 Male glove. It has similar dimensions as commercially available prosthetic hands of size M. The dimen-
sions of this glove as defined by the manufacturer, are shown in Figure 3.2. The dimensions of individual
hand segments were determined using their relative dimensions with respect to the entire finger. This pro-
portionality was extracted from a paper by Buryanov [13]. The notation that is used for the metacarpals and
phalanges, is shown in Figure 3.1. The length of each finger segment as a percentage of finger length, is shown
in Table 3.1. The length of the phalanges in the mechanism was calculated by multiplying its portion of the
total finger, with the finger length of the glove for the respective digit. The results are described in Table 3.2. As
mentioned in section 2.2.1, the phalanxes were designed to have a high bending stiffness. The phalanges are
fabricated through FDM. During FDM printing, a solid perimeter of multiple layers was formed and the space
in between is filled according to an infill pattern that has an infill density that is less than 100% [3]. Therefore,
the phalanx could be compared to a hollow beam: an elongated structure with a low density centre and solid
perimeter. In the design, the material was placed towards a perimeter that is as wide as the dimensions of the
silicone glove allow.

Table 3.1: Length of finger segments as a percentage of total finger length. The data in the first and second column is adopted from
Buryanov [13].

tip + pd [%] pm [%] pp [%]
Index finger 0.28 0.31 0.41
Middle finger 0.26 0.33 0.41
Ring finger 0.28 0.34 0.38
Little finger 0.34 0.32 0.34
Thumb 0.49 - 0.51

Moment arm and cylinder dimensions Recall that the transmission ratio between the middle-distal pha-
lanx and the proximal phalanx can be calculated using equation 2.7 from section 2.2.1, and that for the hand
to achieve both a stable pinch grip and a power grip, the transmission ratio should comply with the following
constraint:
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Figure 3.1: Notation of hand segments as used by Buryanov [13]. I–V – finger index numbers; tip – soft tissues of the finger tip; pd – distal
phalanx; pm – medial phalanx; pp – proximal phalanx; m – metacarpal; pp* – web height from metacarpophalangeal joint; d – the entire
length of the finger skeleton from metacarpophalangeal joint to the tip of the distal phalanx bone; de – the entire finger length from the
web space to the very tip of the finger including the soft tissues of the tip.

Figure 3.2: Dimensions of the selected silicone cosmetic glove (101L XL1 Male glove, Regal Prosthetics LTD.).
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Table 3.2: Length of the designed components. The total finger length is based on the dimensions of the cosmetic glove. The tip dimen-
sion is based on the thickness of the glove.

tip [mm] pd [mm] pm [mm] pp+pp* [mm] Total finger [mm]
Index finger 2.0 16.9 21.0 39.4 68.0
Middle finger 2.0 18.3 25.5 42.5 77.0
Ring finger 2.0 17.5 23.2 37.6 69.0
Little finger 2.0 15.3 16.3 28.6 51.0
Thumb 2.0 26.7 - 27.3 54.0

In equation 2.4, the first term is considered to be Rmi n and the second term is Rmax . The values for Rmi n

and Rmax were evaluated using the dimensions of the phalanges of the index finger as defined in Table 3.2. L0

was approximated to be 0.5·L1. This results in the following plot shown in Figure 3.3, showing the constraints
on the transmission ratio versus the diameter of the object being pinched. If the transmission ratio R = 0.41,
the index finger can achieve a stable pinching grip for objects up to a diameter of 85 mm. The torque delivered
by the actuators scales with the radius squared, based on equation 2.6. To maximize the torque delivered by
the actuators around the MCP and PIP joints, the radius of the cylinders was maximized. The radius of the
cylinders are constraint by the silicone glove. The inner radii of the index finger of the silicone glove are
shown in Table 3.3. In Appendix D, both the phalanges and the actuators are shown within the perimeter of
the silicone glove. The internal diameter of both cylinders and the moment arm of both actuators are shown
in Table 3.4. The dimensions of the actuators were determined based on the parameters of the index finger.
First the parameters of the proximal actuator were determined, then the parameters for the distal actuator,
using the relation for the transmission ratio given in equation 2.7. For the proximal cylinder, this is the largest,
round numbered internal diameter such that the mechanism fits within the glove as the finger flexes. Some
assumptions on the geometry were made in determining this. The most notable assumptions are that the
cylinder wall is less than 2 mm thick, and that the phalanx is sufficiently stiff with a width of 5 mm. The
cylinder wall thickness is addressed in section 3.1.2. Substituting the dimensions from Table 3.4 in equation
2.7, gives the transmission ratio without springs. The transmission ratio is 0.43, which is similar to that of
the Delft Cylinder Hand [64]. With a transmission ratio of 0.43, the finger can achieve a stable pinch grip on
objects with a diameter of 78 mm.

Table 3.3: Inside diameter of the index finger of the silicone glove. The dimensions are calculated at the joints, assuming that the cross
section of the finger is a circle, using data provided by the manufacturer (Regal Prosthetics LTD.).

Joint Pout si de [mm] Di nter nal [mm]
MCP 82 22.1
PIP 79 21.1
DIP 66 17.0

Table 3.4: Cylinder radius and moment arm of the proximal and distal actuator.

rc yl i nder [mm] aactuator [mm]
Proximal 5 8
Distal 3.5 7

Springs The spring characteristics of the chosen springs are shown in Table 3.5. The points of engagement
can be seen in Figure 3.5a and 3.6a, being the hole in the lower left corner of each phalanx. Through these
holes, an axle is placed. On both sides of the phalanx, the springs are mounted on this axle, secured by a
circlip. The actual driveback force Fdr i veback,spr i ng s was calculated for the proximal actuator, and depends
on the spring characteristics, the geometry and the angle of the MCP joint. During pinching, the average
driveback force is 25.5 N. This is larger than the estimated friction force in the cylinder (10-20 N). Finally, the
transmission ratio should still comply with the constraints set out by equation 2.4. Using the spring charac-
teristics and equation 2.10, the average transmission ratio during a pinch manoeuvre was determined to be
Raver ag e = 0.44. This is close to the designed transmission ratio without springs, R = 0.41. Moreover, a stable
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Figure 3.3: Minimum and maximum value of the transmission ratio R, as calculated using equation 2.4 and the dimensions of the pha-
langes.

pinch grip can be achieved on objects with a diameter of 72 mm, which is the maximum opening distance
between the index finger and the thumb.

Table 3.5: Spring characteristics of the springs used to open the hand. Each spring is used in pairs.

Springs proximal Springs distal
cspr i ng 1.87 N/mm 0.37 N/mm
F0 6.81 N 1.94 N
L0 46.1 mm 31.8 mm
Dout 3.5 mm 3.7 mm

Joints In this paragraph, the result of the design method for the joints is discussed. The joints in the mech-
anism were divided into three groups, per group a joint type is chosen. For Group 1, the MCP and PIP joint,
it was decided to use a sliding hinged joint with a steel axle. Using a steel axle instead of printing the entire
joint, allows for a much smaller axle diameter and thus a smaller friction torque, based on equation 2.11.
Moreover, using a metal axle allows the joint to be considerably smaller than a fully 3D printed joint would
be. A spring steel wire iss used for the axle, with a diameter of 1.5 mm. The ROM of both the MCP and PIP
joint is constraint to be 0 to 90 degrees flexion. For Group 2, the joints at the piston, a sliding curved joint was
chosen. As the joints are only loaded under compression, there is an opportunity to minimize the number of
parts and assembly steps. This was given priority over minimizing the friction. There are some transversal
forces on the joint, therefore the rolling friction joint was not selected, for the risk of slip and break away. A
toothed rolling joint was not used at is deemed unfit due to the challenging fabrication of the toothed struc-
ture and the risk of fracture. The radius of the curved surface of the sliding joint is a compromise between
minimizing the friction torque and minimizing the risk of plastic deformation of either of the two surfaces.
Plastic deformation leads to immense energy loss or failure. Two small knobs are added at both sides of the
joint at the distal piston, to prevent the piston from dislocating. The knobs are placed in two small notches in
the middle-distal phalanx, see Figure 3.5b. Similarly, the joint at the proximal piston has a notch that prevents
the piston from moving outside of the plane in which the finger flexes (Figure 3.6b). The joints at the cylinder,
Group 3, are executed as rolling friction joints. The risk of slip or break away are less than for the joints at the
piston as the transversal forces on the joint are limited and the ROM is just 5 degrees. The friction in this joint
is rolling friction and driven by the normal load. As the surface area and radius have a minimal influence on
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the friction, the surface area was maximized to evade the risk of plastic deformation. The rounded surface of
the cylinder rolls on the flat surface of the proximal phalanx. When the finger is extended at 0 degrees flexion,
the rounded surface of the cylinder is lined up with the curvature of the proximal phalanx. This joint can be
assembled in a single step and does not require any extra parts.

Detailed design The final design for the prosthesis is shown in Figure 3.4. The detailed design of both
phalanges are shown in Figures 3.5 and 3.6. Technical drawings of all individual parts are listed in Appendix D.
Figure 3.7 shows a cross section of the mechanism in both extended and pinched configuration.

3.1.2. Actuator design

Force and pressure To determine the required operating pressure Pwor k for the finger to pinch with 30 N,
the proximal actuator is considered. The equilibrium equation around the MCP joint is evaluated, following
equation 2.14:

−Tactuator +Tspr i ng s +Tpi nch = 0 (2.14)

Counter clockwise rotation was defined as positive. First, the reaction torque of the object that is pinched
was calculated:

Figure 3.4: Rendered image of the final design for the prosthesis. The structural elements are shown in light and darker blue, the cylinders
in red and the pistons in green.
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Figure 3.5: Final design of the middle-distal phalanx. Here, a) is a side view of the phalanx, and b) shows the joint cavity of both the PIP
joint and the joint of the distal piston. The technical drawings of this part can be found in Appendix D.

Figure 3.6: Final design of the proximal phalanx. Here, a) is a side view of the phalanx, and b) shows the joint cavity of the MCP joint and
the contact surface of the proximal phalanx with the proximal piston. The technical drawings of this part can be found in Appendix D.
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Figure 3.7: Cross section of the mechanism in both a) extended and b) pinched configuration.

Tpi nch = Fpi nch ·api nch

= Fpi nch · (Ldi st + (Lmi d +Lpr ox ) · cos(θ))

= 30N · (0.0168m+ (0.0210m+0.0394m) · cos(15°)

= 2.257Nm

(3.1)

Note that θ is the angle of the fixated DIP joint. Both Fspr i ng and aspr i ng depend on the angle of flexion
of the proximal phalanx, φ. As discussed in section 2.2.2, it was assumed that the object that is pinched,
has a negligible thickness. The angle of flexion of the MCP joint in this configuration was determined to be
φ= 68.35°, based on the detailed design. Evaluating ∆L(φ) and aspr i ng (φ), yields: dL(68.35°) = 0.0092m and
aspr i ng (68.35°) = 0.0055m. Substituting eq. 2.16 in eq. 2.15 and filling in all parameters for φ= 68.35°, gives:

Tspr i ng = 2 · (cspr i ng ·∆L(68.35°)+F0) ·aspr i ng (68.35°)

= 2 · (1870N/m ·0.0092m +6.81N) ·0.0055m

= 0.3183Nm

(3.2)

Then, Tactuator can be calculated by rewriting and evaluating the equilibrium equation:

Tactuator = Tpi nch +Tspr i ng

= 2.257Nm+0.3183Nm = 2.576Nm
(3.3)
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Now, the actuator force can be calculated:

Factuator = Tactuator

aactuator

= 2.576Nm

0.0125m

= 206.6N

(3.4)

Finally, the required operating pressure in the cylinders to achieve a pinch force of 30 N is:

Pwor k = Factuator

Aactuator

= 206.6N

7.840 ·10−5m

= 2.6MPa

(3.5)

Recall that this is an estimation as friction and other losses are not taken into account in this calculation.
It was assumed that during pinching, the middle distal phalanx is pressed against the extension stop and
the flexion angle of the PIP joint is 0 degrees. To test if this assumption is correct, the equilibrium equations
were evaluated around the PIP joint. Evaluating the different torques acting around the PIP joint, gives the
following reaction torque:

Tr esul t =−Tactuator,di st al +Tpi nch,di st al +Tspr i ng ,di st al

= 0.5203Nm
(3.6)

As the resulting torque is positive, the phalanx has the tendency to rotate counter clockwise. Therefore,
the phalanx is pressed against the extension stop that exerts a clockwise torque such that the system is in
equilibrium. This confirms the assumption that the PIP joint remains at 0 degrees flexion during pinching.

Cylinder dimensions In section 2.2.2 the cylinder ability to withstand internal pressure is discussed, among
other properties. In this section, the results of the calculations on minimum wall thickness is discussed.
Recall that the minimum wall thickness of the cylinder can be calculated using equation 2.21 [73]:

s = ri

(√
σw +pi

σw −pi
−1

)
(2.21)

Here, σa is the tensile strength at yield. The Formlabs Clear resin that is used for the actuators, has a
tensile stress at yield of 38 to 65 MPa as shown in Table 2.3. To calculate the minimum wall thickness, σa=
38 MPa was used. The yield strength is only 65 MPa if the parts are cured at 60° Celsius for 1 hour. The cylin-
ders are designed to have a safety factor of 4, therefore the following pressure was used in calculating the wall
thickness:

PS f =4 = 4 ·Pwor k

= 4 ·2.63MPa

= 10.53MPa

(3.7)

Substituting the values for the yield strength and pressure into equation 2.21, yields:
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Pr oxi mal : sp = 5.0 ·
(√

38MPa+10.53MPa

38MPa−10.53MPa
−1

)
= 1.64mm

Di st al : sd = 3.5 ·
(√

38MPa+10.53MPa

38MPa−10.53MPa
−1

)
= 1.15mm

(3.8)

In calculating the minimum wall thickness, the assumption was made that the cylinders are thick walled.
Using the calculated values of the wall thickness, the criterion for thin walled cylinders can be evaluated:

Pr oxi mal :
sp

di
= 1.64mm

10mm
= 0.164≮

1

20

Di st al :
sd

di
= 1.15mm

7mm
= 0.164≮

1

20

(3.9)

This shows that the assumption that the cylinders can not be considered thin walled, is correct. Finally,
in section 2.2.1, the assumption was used that sp < 2mm; this is also confirmed.

Piston and sealing In this section, the result of the seal design is discussed. For both the cylinder sizes, the
selected O-ring size and material, and gland dimensions are elaborated on. First for the proximal actuator,
then for the distal cylinder, respectively.

Proximal
The selected O-ring has an outer diameter Dout = 10mm, equal to the cylinder bore. The selected cross
section is Dcr oss = 2.5mm, as recommended for a seal with this diameter [53]. The piston groove diameter
PGD that is required to achieve the desired squeeze ratio rsq = 10%, were determined using equations 2.23
and 2.24 discussed in section 2.2.2. First, the squeezed cross section Dcr oss,squeezed was calculated:

Dcr oss,squeezed = (1− rsq ) ·Dcr oss

= (1−0.1) ·2.5mm

= 2.25mm

(3.10)

Then the piston groove diameter is:

PGDpr oxi mal = Dout −2 ·Dcr oss

= 10−2 ·2.25mm

= 5.5mm

(3.11)

Distal
The O-ring in the distal actuator has an outer diameter Dout = 7mm. Its cross section is Dcr oss = 1.5mm. The
squeezed cross section and the piston groove diameter were calculated as follows:

Dcr oss,squeezed = (1− rsq ) ·Dcr oss

= (1−0.1) ·1.5mm

= 1.35mm

(3.12)
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PGDdi st al = Dout −2 ·Dcr oss

= 7−2 ·1.35mm

= 4.3mm

(3.13)

A complete list of all dimensions of the O-ring seal for both the proximal and distal actuator, is shown in
Table 3.6. The meaning of the parameters are illustrated in Figure 2.7. The selected O-rings are made from
nitrile butadiene rubber (NBR). According to Eriks technical handbook on O-rings, NBR has a high wear re-
sistance and performs well compared to other elastomers [25]. Importantly, it is compatible with hydraulic
oils. Alternative O-ring materials are ethylene propylene diene monomer (EPDM) and VQM silicone. How-
ever, the former is not compatible with hydraulic oils and the latter has a relatively low tensile strength and
wear resistance [25].

Table 3.6: Symbols and value of the design parameters for the cylinder and O-ring seal for both the proximal and distal actuator.

Symbol Proximal [mm] Distal [mm]
Cylinder bore diameter Dc yl i nder 10 7
O-ring outer diameter Dout 10 7
O-ring cross section Dcr oss 2.5 1.5
Piston outer diameter Dpi ston 9.5 7.5
Piston groove diameter PGD 5.5 4.3
Piston groove width PGW 3.3 1.9

Tubing and connectors The type of tube that was selected has a 4 mm outside diameter and a 2.5 mm inside
diameter (4x2.5). This tube is compatible with the tube connectors that are mounted on the pump that was
selected as discussed in section 2.2.2. Secondly, the material of the tube was selected. The working pressure
of the tube varies largely with the material. Table 3.8 shows a list of the most common used materials for high
pressure, flexible tubing and their recommended working pressure. Based on this data, a polyamide tube was
chosen as it has the largest allowable pressure. The tube connectors that are used for the actuators, are the
same as those mounted on the motor. For the proximal actuator, there is enough room for a connector with a
locking sleeve. At the distal cylinder, there is no room for a sleeve; a more simple connector is used, without
a sleeve. There are no specifications available on the maximum pressure of the connectors. Therefore, the
pressure at which the connectors fail was determined experimentally. The results are discussed in section
2.3.3. The tube connectors are mounted on the cylinders using a threaded connection. For this purpose, a
thread was tapped in the hole at the bottom of the cylinder. The failure mode of this connection, was assumed
to be thread stripping, as discussed in section 2.2.2. Here, the pressure at which the threaded connection fails
was calculated. The parameters of the connection that are used in this calculation, are listed in Table 3.7.
First, the length of engagement of the connection:

Le = nthr ead s ·ph

= 4 ·0.5mm

= 2.0mm

(3.14)

Then, the shear area was calculated using equation 2.26:

Ath = 0.5 ·π ·dpi tch ·Le

= 0.5 ·π ·2.675mm ·2.0mm

= 8.4mm2

(3.15)

The shear strength of the material was approximated using the following relation:

σshear = 0.577 ·σtensi le

= 0.577 ·38MPa

= 21.9MPa

(3.16)
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Then, the force at failure is:

F f ai l =σshear · Ath

= 21.9MPa ·8.4mm

= 184N

(3.17)

To calculate the pressure at which the force on the tube connector is F f ai l , the area at the top of the
connector was calculated:

Aconnector = 1

4
·π · (d 2

pi tch −d 2
hol e )

= 1

4
·π · ((2.675mm)2 − (1.2mm)2)

= 4.5 ·10−6m2

(3.18)

Finally, the estimated pressure at which the threaded connection would fail through thread stripping is:

P f ai l =
F f ai l

Aconnector

= 184N

4.5 ·10−6m2

= 41MPa

(3.19)

Table 3.7: Parameters of the threaded connection between the tube connectors and the cylinder. The number of effectively engaged
threads is calculated as nthr ead s = 80% ·nthr ead s,tot al .

Parameters of threaded connection Symbol Value
Number of threads engaged nthr ead s 4
Pitch ph 0.5 mm
Pitch diameter dpi tch 2.675 mm
Hole diameter in connector dhol e 1.2 mm

Table 3.8: Tube materials and their recommended working pressure. To calculate burst pressure, the values in this table can be multiplied
by 3.

Size Working pressure [Mpa]
Polyurethane (PU) 4x2.5 1.0 [52]
Polyamide (PA) 4x2.5 3.1 [52]
Polytetrafluoroethylene (PTFE) 4x2.5 2.0 [2]
Polyethylene (PE) 4x2.5 1.6 [52]

Detailed design The final design for the actuators and their place in the prosthesis is shown in Figure 3.8.
The detailed design of both pistons is shown in Figure 3.9. The cylinders are shown in Figure 3.10. Technical
drawings of the parts of the actuators are listed in Appendix D.

3.1.3. Fabrication of the prototype

Actuators The actuators were printed using an SLA printer, the Form 2 (Formlabs) [27]. The material that
was used, is Clear Resin 03 [28]. The cylinders that were printed at 90 degrees from the build plate, were
printed directly on the surface of the plate, without any support material. In the final design, there are small
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notches at the brim of the cylinders to allow airflow into the cylinders during printing (see Appendix D). This
allows the resin to flow out of the partially printed cylinders during printing, preventing a small under pres-
sure each time the build plate is lifted to print a new layer. The cylinders that were printed at a 45 degree angle,
were printed with support material. There was also a test print that included cylinders printed horizontally,
at a 0 degree angle from the build plate. This resulted in cylinders that were not fully round, with a flattening
at one side due to leftover resin that could not drain away. The setup of virtual environment of the SLA printer
can be seen in Figure C.3. The layer thickness that was used is 0.025 mm. A full list with technical specifica-
tions of the printer can be found in Appendix C. The print time per cylinder was approximately 100 minutes.
The pistons were both printed vertically, with the end that holds the O-ring, directly on the build plate. After
printing, the parts were removed from the print bed using a putty knife. Then, the parts were rinsed in ethanol
to remove any uncured resin. The parts were cured with an ultra violet lamp for 40 minutes at room tempera-
ture. After curing and drying, the support material was trimmed off and the outside brim of the cylinders was
smoothed using sandpaper (P240). The most demanding step in manufacturing the actuators, was tapping
the thread in the holes in the cylinder bottom. This was done with a low cost tap and die set. The tap could
be turned by hand without much resistance, while the cylinders were placed in a vice. In Table 3.9 the actual
dimensions of the actuators are listed, when using the cylinders printed at different printing angles.

Structural elements The structural elements of the prototype are the middle-distal phalanx, proximal pha-
lanx and the cutout of the palm. They were fabricated through FDM printing with an Ultimaker 3 (Ultimaker
B.V.). The material that was used, is Ultimaker Tough PLA. It has an ultimate yield strength that is similar to
regular PLA (37 MPa compared to 35 MPa) but is less brittle [70]. The settings recommended for the printer

Figure 3.8: Rendered image of the final design for the prosthesis. The structural elements are shown in light and darker blue, the cylinders
in red and the pistons in green. The holes that can be seen on the dorsal side of the hand and wrist, can be used to fixate a rod that can
be inserted through the wrist, parallel to the fingers.
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Figure 3.9: Final design of the pistons. Here, a) is the proximal piston. The groove at the top fits over a ridge on the proximal phalanx
(Figure 3.6b), such that the piston is constraint in the sagittal plane of the finger. b) is the distal phalanx. The nobs at the top of the piston
fit loosely in the grooves of the PIP joint of the middle-distal phalanx (Figure 3.5b). The technical drawings of both parts can be found in
Appendix D.

Figure 3.10: Final design of both a) the proximal cylinder and b) the distal cylinder. The technical drawings of both parts can be found in
Appendix D.
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Figure 3.11: a) Side view of the assembled prototype, without tubes. b) Proximal actuator including tube connector and O-ring.

were used, with a layer thickness of 0.1 mm. The parts were printed with a variable infill percentage. The
areas near the joints were printed at 100%, the rest of the part at 30% infill. A complete list with technical
specifications of the printer can be found in Appendix C. The total print time was approximately 18 hours.
Few post processing steps were needed before the parts were ready to be assembled. First, the parts were
removed from the build plate and the excess material at the brim was removed using a utility knife. Second,
the axle holes of the phalanxes were made a little wider using a 1.5 mm drill.

Assembly First the structural part of the prototype were assembled, then, the actuators could be placed
inside the device. The axles of the pin joints are made from a spring steel wire, with an outside diameter of
1.5 mm. For the single finger, five pieces are required that were cut to the correct size using a wire cutter.
Using pliers, the axles were placed trough the holes, connecting the phalanges to each other and the palm.
The springs were mounted on the mechanism and are kept in place using axle circlips. The springs intended
to be used as proximal spring in the prosthesis, was unavailable. Therefore, for the prototype, two springs with
a lower stiffness were used that have the desired stiffness when used in parallel. To assemble the actuators,
first the O-ring was slid over the piston and placed in the groove. This was done by hand as not to damage
the rubber with tools with sharp edges. The tube connectors were secured in the holes using a small piece
of PTFE tape as a thread seal, to prevent leakage. Finally, the tubes were slid through the tube channels and
connected to the cylinders. With the pistons put in the cylinders, the actuators were placed in the mechanism
and the prototype was finished. The result is shown in Figures 3.11 and 3.12.
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Figure 3.12: a) Close-up of the proximal cylinder placed in the prototype. For the prototype, two springs in parallel were used, resulting
in a similar stiffness as the springs of the design. b) Close-up of the distal cylinder within the prototype.

Table 3.9: Actual dimensions regarding the proximal and distal actuators. The fifth column denotes the values for the cylinders printed
at 90 degrees, the sixth the values for the cylinders printed at 45 degrees.

Actuator Designed Actual (90°) Actual (45°)
Proximal Dc yl i nder 10.00 10.27 10.18

Dpi ston 9.50 9.71 9.71
Clearance 0.25 0.28 0.24
PGD 5.50 5.63 5.63
Squeeze ratio 10.0% 7.2% 9.0%

Distal Dc yl i nder 7.00 7.22 7.11
Dpi ston 6.50 6.79 6.79
Clearance 0.25 0.22 0.16
PGD 4.30 4.43 4.43
Squeeze ratio 10.0% 7.0% 10.7%

3.2. Evaluation results

3.2.1. Actuator - Geometrical accuracy

Following the protocol as described in section 2.3.2, a total of 96 measured values were collected. Halfway
down the cylinder, a set of four measurements were performed. The actual inside diameter Di n is defined
as the average of these four measurements. The wall thickness was computed using the inside and outside
diameter. The dimensions of the evaluated cylinders are shown in Table 3.10, together with their design
parameters. A visual representation of the data is given through a set of box plots. For the proximal cylinders,
the results are shown in Figures 3.13 and 3.14. The results for the distal cylinders can be found in Appendix B.
The distribution of the values measured for a single cylinder, can give an indication of the roundness of the
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part. Ideally, the cylinder is perfectly round and the measured values for Di n have a small spread.

Table 3.10: Designed and measured dimensions of the proximal and distal cylinders. The ’actual’ values are an average of the measured
values halfway down the cylinder.

Inner diameter [mm] Wall thickness [mm]
Cylinder code Print angle [deg] Designed Actual Designed Actual

Proximal 1A90 90 10.3 10.25 1.65 1.77
2A90 90 10.3 10.22 1.65 1.78
3A45 45 10.3 10.18 1.65 1.81
4A45 45 10.3 10.18 1.65 1.84
5B90 90 10.3 10.27 1.18 1.26
6C90 90 10.3 10.36 0.75 0.80

Distal 7D90 90 7.3 7.22 1.16 1.27
8D45 45 7.3 7.11 1.16 1.38

Figure 3.13: Measured values for Di n of four proximal cylinders. Three different wall thicknesses were used. The measurement was
performed halfway down the cylinder.

Figure 3.14: Measured Di n of four proximal cylinders. The first two cylinders are printed at a 90° angle from the build plate, the last two
cylinders with an angle of 45°. The measurement was performed halfway down the cylinder.
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3.2.2. Actuator - Static pressure

Three proximal cylinders, each with a different wall thickness, were loaded under internal pressure, according
to the protocol set out in section 2.3.3. After each pressurization step, the inner diameter in the middle of the
cylinder was measured. The resulting values are shown in a set of three box plots in Figure 3.15. Notably,
the cylinder with wall thickness s = 0.80mm fractured during the measurement. As the inner diameter was
determined near the brim of the cylinder, the part cracked, starting at the top. This was likely the result of the
force exerted by the three point internal micrometer on the cylinder wall.

Additionally, measurements were performed on the maximum pressure of the tube connectors. The tube
connector with the locked sleeve did not fail at pressures as high as 6.0 MPa. The simple one part tube con-
nector, without sleeve, dislodged at an average pressure of 5.9 MPa. This is well above the estimated operating
pressure Pwor k = 2.6MPa.

3.2.3. Actuator - Friction in the cylinder

For each of the cylinders, one of the five trials is shown in a pressure versus time graph (Figure 3.16 and
Figure 3.17). First the weight is lifted and the pressure increases. At 16 mm lift, the weight is held steady and
the pressure graph flattens, resulting in the first plateau, Π1. As the weight is lowered, pressure drops. As the
retraction of the piston stops and is held steady, a second plateau Π2 is visible. During these plateau’s, the
actuator exerts the same force at a different pressure. This pressure difference can be explained by the friction
in the cylinder, as the friction on the piston is always opposite to its movement. The magnitude of the friction
force on the piston can be calculated using this pressure difference and the following equation:

F f r i ct i on =∆P · Api ston (3.20)

The pressure P f or ce that actually contributes to the force exerted by the piston, is the average of the two
plateau’s. The pressure difference ∆P due to friction iss calculated as:

∆P = Ppl ateau −P f or ce (3.21)

To calculate the friction, the pressure Ppl ateau at Π1 and Π2 was determined. For the high pressure at Π1,
this was done by taking the average pressure that was measured during the 5 seconds before the graph starts
to decline significantly. For the lower pressure at Π2, first the middle of the plateau was determined. Then, 5
seconds around this time step was used to calculate the average measured pressure. The range that was used
to calculate the pressure at the plateau’s, is marked with red lines in Figure 3.16 and 3.17. The dashed line
marks the average between them; P f or ce . For the second plateau in Figure 3.16, the pressure during 6 seconds
instead of 5 was used to determine Ppl ateau . This interval was regarded to give a more accurate reflection of
the pressure of the plateau. Finally, the hydraulic efficiency of the actuators can be determined. This is the
ratio between the actual P f or ce , representing the pressure in the cylinder that contributes to lifting the weight,
and the theoretical pressure needed to lift the weight. The only external force acting on the actuator is caused
by the supported weight, therefore, the theoretical pressure Ptheor y can be calculated as follows:

Ptheor y =
Ftheor y

Api ston

= m ·a

Api ston

(3.22)

Here, m is the mass of the supported weight and a is the gravitational acceleration, 9.81 m/s2. The average
plateau pressures, friction force and hydraulic efficiency, for both the tested cylinders, are calculated using
equations 3.20 through 3.22. The results are shown in Table 3.11. Finally, some visual observations were
made during the friction measurements. Both cylinders showed signs of leakage between the piston and the
cylinder. This was in the form of droplets forming at the brim of the cylinder. The leakage at the first cylinder,
A345, with a print angle of 45° degrees, seemed more significant than for the second one, 5B90, with a print
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Figure 3.15: Inner diameter of proximal cylinders 1A90, 5B90 and 6C90, after being loaded under different internal pressures. Each
cylinder has a different wall thickness.
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Figure 3.16: Pressure versus time graph as the proximal actuator is used to lift a mass of 6.49 kg. The cylinder was printed at a 45° angle
form the build plate. The marked parts of the graph are used to determine the average pressure at both the low and high plateau. The
dashed line notes the average pressure between the two plateau’s.

Figure 3.17: Pressure versus time graph as the proximal actuator is used to lift a mass of 6.49 kg. The cylinder was printed at a 90° angle
form the build plate. The marked parts of the graph are used to determine the average pressure at both the low and high plateau. The
dashed line notes the average pressure between the two plateau’s.

angle of 45° degrees. However, this was not quantified. Also, at some instances, the piston was observed to
misalign with with the cylinder as the weight was lifted.

Table 3.11: Results of the measurements on friction in the cylinder. Π1 and Π2 are the first and second stable region in each pressure
graph, respectively.

Print angle Pressure atΠ1 Pressure atΠ2 P f or ce F f r i ct i on Hydraulic efficiency
45° 1.15 MPa 0.32 MPa 0.73 MPa 34.2 N 93%
90° 1.02 MPa 0.4 MPa 0.71 MPa 25.7 N 92%
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3.2.4. Prototype - Pinch force

The goal of this experiment was to determine the pinch force of the prosthesis and gain insight in the pressure-
force relationship of the device. The cylinders that were used are the 5B90 for the proximal actuator and the
8D45 for the distal actuator. In total, 23 trials were performed in which the finger was flexed according to the
protocol set out in section 2.3.5. Four trials were aborted during or dismissed after the measurement, due
to issues regarding either the hydraulic circuit or the electrical components. A total of 19 trials were used for
the analysis of the pinch force. These consist 3 times 6 trials that aimed for a pinch force of around 15, 23
and 30 N, respectively, and one outlier in which a pinch force of 41 N was achieved. For each trial, the time
was determined at which the maximum pinch force was recorded. At this time step, the pressure and pinch
force were noted. These data points were plotted in a pinch force versus pressure graph, see Figure 3.18. The
dashed line is a trendline based on the method of the least squares. A second line, in solid blue, was added
to show the theoretical pressure-force relation. This was calculated using a model of the hand in which all
friction is assumed zero and the parts have an infinite stiffness, similar to equation 2.14. Using this, the force
efficiency of the prototype can be determined. First, for the six trials in which the aim was to pinch 30 N, the
average pinch force and average pressure was calculated. Then, the theoretical pinch force at this pressure
was calculated using the model. The force efficiency is defined as:

η f or ce =
Fpi nch,measur ed

Fpi nch,model
(3.23)

The results are listed in Table 3.12. The development of the pressure and the pinch force over time,
throughout the maneuver, is shown in Figure 3.19. The peak shows the moment at which the pinch force
was maximal, at that time the power to the pump was switched of. The steep decline to zero, at t ≈ 8.5s, is the
moment at which the pump is reversed. Some challenges arose during the pinch force measurements. Most
significant, at peak pressures during pinching, there was leakage visible between the piston and the cylinder.
Also, during 6 trials, the pump did not reverse properly when attempting to extend the finger. This problem
was determined to originate in the ESC, with no clear cause.

Figure 3.18: Pinch force versus pressure of the maximum recorded pinch force during 19 trials using the prototype. The pinched object
has a width of 19 mm. The solid line represents the theoretical pinch force, calculated with a model that omits friction and elasticity. The
dotted line is a trendline computed using the least squares method.
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Table 3.12: Mean pressure and force of the measurements with the aim to pinch 30 N. The model used to calculate the theoretical values,
omits friction and elasticity.

Measured (mean) Model
Pressure 2.51 2.51
Force 31.29 36.95
Force efficiency η f or ce 84.7% 100%
F/P 12.5 14.7

3.2.5. Prototype - Closing time

Several close and open cycles were performed with the prototype, according to the protocol described in sec-
tion 2.3.6. The recorded pressure data during the closing of the hand, did not conclusively show the moment
when the fingers made contact. Therefore, the video material was used to determine the close and open time.
For each maneuver, the number of frames was determined within a video editing software program. The au-
dio was used to determine the moment that the motor started. For the opening of the finger, the moment
the finger is opened at ≈ 90% was considered the end of the maneuver. The resulting average closing time is
0.53 s and the opening time is 0.75 s. Note that this is the closing and opening time of the prototype with one
finger. For the entire hand, the closing time is estimated based on these measurements.

3.2.6. Weight

The weight of the actuators and the prototype are of interest for the evaluation of the prosthesis. The weight
was determined using a scale with a resolution of 1 g. The results are shown in Table 3.13. The independent
actuators consist of the piston, O-ring, cylinder and tube connector. The mechanism concerns the prototype
without any components of the hydraulic circuit. The prototype was weighed both with and without oil in
the hydraulic system. The weight of the oil was determined to be 3 g.

Table 3.13: Weight of the components of the prototype. The distal and proximal tube connectors were determined to weigh 1 g and 2 g,
respectively. The hydraulic oil contributes 3 g to the total weight of the prototype.

Weight [g]
Actuator distal 4
Actuator proximal 9
Mechanism without actuators 95
Prototype with oil and tubing 136
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Figure 3.19: Pinch force and pressure recorded over time during trial 20.
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Discussion

4.1. Remarks on the fabrication and assembly

Fabrication of the actuators In this section, the fabrication process and the resulting part quality are re-
flected on. The actuators were designed to fabricated without extensive post processing. All SLA printed
parts required rinsing and curing. The pistons and the cylinders that were printed at a 90 degrees angle from
the build plate, only required some sanding at the bottom edge. The cylinders printed at 45 degrees addition-
ally required removal of the support material, which was done using pliers and was finished in a few minutes.
This leads to the conclusion that easy fabrication was achieved. The surface quality of the SLA printed parts
seems high, based on a visual inspection. The actual dimensions of the actuator differs from the designed
dimensions. Table 3.9 shows the designed actuator parameters compared to that of the actually fabricated
actuators. Most notable is the inner diameter of the proximal cylinders, which was designed to be 10 mm. To
achieve this, the .stl file that was used to print the cylinders had a cylinder diameter of 10.3 mm. This dimen-
sion was based on a few iterations of printing cylinders with different wall thicknesses. However, the resulting
parts still had a cylinder diameter that is larger than 10 mm. The unexpected difference could be the result of
inaccurate measurements on the early iterations (performed using an ordinary micrometer) or the influence
of a different wall thickness. Secondly, the squeeze ratio of the O-ring is smaller than designed. Although this
parameter is essential for proper operation of the seal, the designed squeeze ratio of 10% is based on rule of
thumb [53]. Therefore, it is reasonable to expect proper operation from a seal with a squeeze ratio of 7%. The
difference in squeeze ratio between the actuators printed at different angles, is significant. There is a trade off
in increasing the squeeze ratio, as it decreases leakage but increases friction [53]. Finally, tapping the treads in
the holes at the bottom of the cylinder, was the most demanding part of the fabrication of the actuators. The
process demands some caution and patience from the person who performs it. It does not require training
and can be carried out using a low cost tap and die set.

Fabrication of the structural elements The printing time of the structural elements was considerable (> 18h).
However, the post processing time was minimal. The excess material that is deposited at the build plate to
prevent warping and allow for better adhesion, was easily removed using a utility knife. Some om the holes
for the axles needed to be drilled out. This was done in a few minutes. However, the designed dimensions of
the holes were changed, such that this should not be required. The parts were printed with a layer thickness
of 0.1 mm. This could be increased to 0.15 mm to reduce the print time significantly (from 18 hours to 10
hours). The small layer thickness did result a smooth surface finish.

Assembly steps and difficulty The entire hand consists of 95 parts (see Appendix A). Of these parts, 30 are
the circlips used to secure the springs (14 parts) on the axles (15 parts). The hand can be assembled in 42 steps
(see Appendix A). In this case, placing the spring around an axle and securing it with a circlip is considered to
be one step. This has to be done a total of 21 times. Therefore, the number of assembly steps could be reduced
significantly if less springs are used, or if they would be secured differently. The assembly of the prototype
could be carried out with a set of pliers and took about 30-60 minutes. The assembly of the prosthesis does
not require any training and could be explained using a simple manual.
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4.2. Verification of the design

Required actuator pressure In this section, the design is reflected on by discussing some of the steps that
were taken and assumptions that were made in the design. The first two paragraphs consider the actuation
system of the prosthesis, the final paragraph discusses the design of the phalanges. The operating pressure
of the actuators Pwor k was determined by calculating the pressure required to pinch 30 N. In this calculation,
the point of application of the pinch force was chosen to be the most distal point on the centreline of the distal
phalanx. As expected, the actual point of application is closer to the PIP joint, therefore, the reaction torque
of the pinch force is smaller and the required actuator torque is smaller. The actual required theoretical
operating pressure can be calculated using the dimensions of the detailed design. This would result in a
Pwor k of 2.2 MPa. If this lower pressure was used to design the actuators, the wall thickness could have been
smaller. However, the calculation for Pwor k omits losses due to friction. From the measurements follows that
the larger Pwor k of 2.6 MPa that was used for the design, actually came close to the real pressure required to
pinch 30 N.

Maximum pressure of hydraulic components The components of the hydraulic system that are first to fail
due to high pressures, are the tube connectors without sleeve, at the distal phalanx. The average measured
pressure at which the tube dislodged, was 5.9 MPa. Therefore, the maximum pressure of the hydraulic circuit
is approximately 5.9 MPa. This is similar to that of the Delft Cylinder Hand (6 MPa) [64], and significantly
higher than that of the hydraulically actuated hand developed by Kargov et al. [39]. The maximum pressure
that the pump can generate, according to the manufacturer, is 4.5 MPa. This means that the theoretical max-
imum pinch force is 68 N, assuming that there is no friction and that the structural elements do not fracture.
Additionally, that the hydraulic circuit fails at 5.9 MPa, means that the cylinders are overdimensioned. With
a safety factor s f = 4, the cylinders withstand a pressure of over 10 MPa. A safety factor 2.5 would suffice for
the cylinders not to be the weakest link in the hydraulic circuit. However, there are some comments to be
made on the calculations that were used to determine the wall thickness. First of all, it was assumed that
the material is homogeneous. As the cylinders are printed in layers, through SLA printing, it is questionable
to what extend the structure is isotropic. There has been little research on the dependence of mechanical
properties on print direction of SLA printed structures. One recent paper by Saini et al. concluded that the
print orientation does play a significant role in the mechanical behaviour [59]. Multiple specimen, printed at
different angles were loaded under tension and compression. It was observed that the material fractures dif-
ferently at different angles. Specimen printed at 22.5 and 67.5 degrees, took the highest loads. However, the
measured ultimate tensile strength of the specimen printed at 45 degrees was only 1% higher than that of the
ones printed at 0 degrees. Moreover, an ultimate yield strength of 38 MPa was used to calculate the wall thick-
ness. This is as described by the manufacturer for uncured parts. According to the manufacturer, the material
has an ultimate yield strength of 65 MPa if the parts are cured with UV light at 100° C for 1 hour [28]. Sani et
al. have measured a yield strength of 60-69 MPa for parts that were cured only at 60° C for 30 minutes. The
parts of the prototype are cured at room temperature for 45 minutes. This leads to the conclusion that the ul-
timate yield strength of the cylinders of the prototype, is probably higher than 38 MPa. Finally, some remarks
are to be made on the calculation of the maximum pressure the threaded connection of the tube connector
can withstand. The shear strength that is used, is estimated on the yield strength. As mentioned, the actual
yield strength is probably higher than the 38 MPa that was used. Moreover, the formulae used to calculate the
shear area, are based on an approximation of the actual shear area and length of engagement [20, 23]. The
calculated pressure at which thread stripping occurs, was an estimate. This estimated pressure of 41 MPa is
high enough to assume that at high pressures, failure of the cylinder wall would occur first. Overall, the cal-
culations of the maximum pressure of each component of the hydraulic circuit, were sufficient to determine
an appropriate cylinder wall thickness and indicate which component would be the first to fail.

Design of the phalanges and joints The working principle of the prosthesis is essentially the same as that
of the DCH. Although the placement of the actuators at the back of the hand seems to be the optimal place-
ment, exploring different possibilities could be interesting. Perhaps the cylinders could be integrated into
the phalanges. The finger mechanism consists of two four-bar linkages that are connected to each other.
Therefore, it was not possible to reduce the number of parts while maintaining the same degrees of freedom.
The desired transmission ratio R was calculated meticulously. The constraints on R are based on equations
derived for a gripper with two opposing, mirrored fingers. Hence, some assumptions are made in using these
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equations. Moreover, for small objects, the transmission ratio can be in a broad range to still achieve a stable
pinch grip. Larger objects are likely to be grabbed with a power grip. In conclusion, the desired transmis-
sion ratio could have been estimated or calculated at a lower significance. In the design of the phalanges,
the moment arm of the actuators was rounded of. Although convenient, this is not necessary. The shape of
the phalanxes might suggest that they were designed to be fabricated through conventional methods such
as milling. This is evidently not the case and fabricating the parts through milling would be challenging to
achieve. The rectangular shapes are the result of the objective to design parts that are easily 3D printed and
of the design approach. The design of the phalanxes was approached by considering the constraints on the
dimensions, in each of the three principle planes of the phalanx. The added design freedom that is offered by
using 3D printing could have been explored more. Possibilities were missed to adapt the cross sectional shape
of the phalanges to the cosmetic glove and the actuators. The design considerations regarding the joints were
discussed comprehensively. However, the prioritization of reducing the number of assembly steps could be
questioned, especially at the sliding curved joints at the piston. The friction torque in the fully 3D printed
piston joints, is significantly higher than in the hinged joints with a steel axle. This is the result of the larger
radius of the sliding surface. As shown in equation 2.11, the friction force depends on the friction coefficient,
the force on the axle and the radius of the sliding surface. The radius of the proximal piston joint is 3 mm and
of the distal piston joint 3.5 mm. The axle of the hinged joints is 0.75 mm. If the friction coefficient for both
joint types would be equal, the friction torque in the sliding joint is 3

0.75 = 4 times (proximal) and 3.5
0.75 = 4.7

times (distal) as high as for the hinged joints, based on equation 2.11. Summarizing, the choice was made
between a friction torque that is ≥ 4 times higher and reducing the number of assembly steps. Choosing for
a lower friction over less assembly effort, would also be defensible. Using a sliding hinged joint would have
increased the assembly effort, but reduced friction. Also, the axle could be used as an attachment point for
the springs.

4.3. Discussion of measurement results

4.3.1. Actuator measurements

Geometric accuracy The goal of the first experiment was to determine the dimensions of a set of SLA
printed cylinders and determine the influence of the print angle and wall thickness of the accuracy of the
printed parts. First, the inner diameter at different wall thicknesses is considered, shown in a box plot in Fig-
ure 3.13. The measured diameter of the cylinder with a thickness of 0.8 mm, is significantly larger than that
of the other specimen. The inner diameters of the cylinders with a wall thickness of 1.8 mm and 1.3 mm are
not significantly different from each other. When measuring with the micrometre, the device exerts a force
on the cylinder wall. It is possible that this lead to deformation of the specimen. This deformation would
depend on the wall thickness. This could be the reason that the diameter of the cylinder with the thinnest
wall, was measured to be 0.1 mm larger than that of the other ones. The diameter of cylinders 1A90, 2A90 and
5B90 are similar and there were possible limitations to measuring the diameter of the thin walled cylinder.
Therefore a definite conclusion cannot be drawn on the influence of the designed wall thickness on the accu-
racy of the cylinder diameter. Secondly, the comparison was made between the cylinders printed at different
angles, based on the measurement results shown in Figure 3.14. Recall that the cylinder diameter of the files
delivered to the printer, was 10.3 mm. The dimensions of the parts printed at 90 degrees were closer to that of
the original file used for printing. Shown in the box diagram, the spread of the measurements is larger for the
cylinders printed at 45 degrees, than for the ones printed at 90 degrees. This indicates that the former have
a higher roundness. A limitation of this experiment is that the cylinders are possibly deformed by the mi-
crometre during the measurement. Nonetheless, the dimensions of the cylinders could still be compared as
all measurements were performed the same way. The results indicate that the cylinders printed at 90 degrees,
have a more precise diameter and have a higher roundness, than the cylinders printed at 45 degrees.

Static pressure The goal of this experiment was to determine what internal pressure the cylinders can with-
stand and if such pressure would lead to plastic deformation. Based on the results displayed in Figure 3.15,
pressurization of up to 4.3 MPa did not lead to plastic deformation of the cylinders with a wall thickness of
1.8 mm and 1.3 mm. As expected, the mean values of the measurement sets after each pressurization step, are
close and within 0.02 mm of each other. The pressure at which the cylinders were tested did not approach the
maximum pressure that the cylinders are designed to withstand. Therefore, it could not be confirmed that the
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wall has the desired safety factor. There is no conclusion possible on plastic deformation of the cylinder with
a wall thickness of 0.8mm as it fractured during the measurements. However, in more general sense, it can
be concluded that this cylinder, with a designed safety factor s f = 2, was not robust as it fractured at the force
exerted by an internal micrometre. Moreover, the experiment showed that there was no plastic deformation
at a pressure of ≥ 4.3MPa.

Friction in the cylinder The goal of this experiment was to compare the friction on the piston for cylinders
printed at two different angles. The cylinders with the following codes were used: 3A45 and 5B90. With a print
angle of 90 degrees, the layers are perpendicular to the movement of the piston. This could results in a dif-
ferent friction force than for the cylinders that were printed at an angle. The friction in force in the cylinders
was calculated for two trials, shown in Figures 3.16 and 3.17. The friction in cylinder 3A45 was 34.2 N and in
cylinder 5B90, 25.7 N. However, this difference can not be explained by the difference in surface texture. The
difference in diameter of the two cylinders, is 0.11 mm. The surface texture due to the layers is assumed to be
in the order of magnitude of the layer thickness, which is 0.025 mm. As this is smaller that the difference in
diameter, the influence of surface texture of the difference in friction could not be established based on this
experiment. The hydraulic efficiency of the cylinders that were tested is similar, 92% and 93%, although lower
than expected. Martinez recorded a hydraulic efficiency of 96% for a 3D printed cylinder [50]. This could be
the result from the leakage that was observed. The measured friction was also significantly higher than the
friction force that Martinez recorded for an unreamed SLA printed cylinder, at similar pressures. This could
be the result from differences in dimensions. Also, the misalignment of the piston and the cylinder could
have resulted in a higher friction as the piston slid directly against the brim of the cylinder. Limitations of this
experiment include that only two trials were used to compare the friction. As there was leakage, many of the
trials did not show a clear plateau as the weight was held at a constant height. Therefore, two trials were used
that showed the most steady behaviour. Also, water was used as a working fluid. This allowed for a compar-
ison between the cylinders and between the results from Martinez, this study also used water. However, the
measured friction does not predict the friction of the actuators when applied in the hand, when oil is used. In
conclusion, although the effect of wall texture on cylinder friction could not be determined, the experiment
allowed for the comparison between two of the printed cylinders. The experiment had limitations, but the
order of magnitude of the friction and the hydraulic efficiency were determined.

4.3.2. Prototype measurements

Pinch force The goal of the pinch force experiment was to determine the pinch force of the prototype and
gain insight in the pressure-force relationship of the device. The results in Figure 3.2.3 show than a pinch force
of >30 N could be achieved consistently. The highest pinch force that was measured was 41 N, which shows
the potential of the finger to pinch at a higher force without failure. The theoretical maximum pinch force of
the finger is 68 N at >4.5 MPa. The maximum pinch force was not approached to prevent the risk fracture of
the mechanical parts of the prototype. The force efficiency of the prototype was 85% at an average pinch force
of 31 N. This means that 15% of the theoretical force input due to pressure in the actuators, is dissipated due
to friction in the cylinder and in the joints, elastic deformation of the structural parts and losses due viscosity
of the fluid. This seems reasonable. Figure 3.2.3 shows the theoretical pressure force relation and the data
points that were actually measured. The difference between the trend line trough the measured data and
the theoretical force pressure graph, can be explained by the friction and deformation losses. The difference
between the theoretical pinch force and the actual pinch force at 2.5 MPa, could be dissolved by adding a
cylinder friction force of 29 N to the model of the finger. This is not the actual friction force as there are
more losses to account for, however it does indicate that the actual friction has the same order of magnitude
as the friction that was measured in section 3.2.3. This also means that the losses due elastic deformation
and friction in the joints, are low compared to the friction loss in the cylinder. Overall, it can be concluded
that the prototype can deliver a pinch force that is similar to that of the Delft Cylinder Hand (over 30 N) [64].
The hand developed by Kargov et al., one of the few hydraulic hand prostheses in current literature, has a
"holding force" of 110 N. Limitations of this experiment include that the object that was pinched was not
varied in size. Also, the maximum pinch force was not determined. The goal of measuring the pinch force
and gaining insight in the pressure force relation, was achieved.
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Closing time This experiment was executed to determine the closing time of a single finger of the prosthe-
sis. Although the method of using the pressure sensor to determine the beginning and the end of the closing
manoeuvre did not work, the closing time was successfully determined using the video footage. The average
closing time was measured to be 0.53 s, opening the finger to 90% took 0.75 s. An estimation of the closing
time of the prototype tclose,p can be calculated using the following formula:

tclose,p = Vp

Qp
(4.1)

Here, Vp is the volume of oil that has to be displaced to close the prototype. Qp is the flow rate through
the hydraulic circuit of the prototype. To estimate the closing time of the entire prosthetic hand, the volume
Vh and flow rate Qh were approximated. As the prototype has 2 cylinders and the prosthesis has 7, Vp was
estimated to be 3.5·Vp . The motor power was approximately 50% for the prototype. Assuming that the motor
operates at 100%, the flow rate for the prosthesis can be estimated to be 2 ·Qp . Similar to equation 4.1, the
closing time of the entire hand tclose,h can be estimated as:

tclose,h = Vh

Qh

= 3.5 ·Vp

1.75 ·Qp

= 0.93s

(4.2)

This is a rough estimation but it shows that it is likely that the prosthesis is able to close within 1 s.

4.4. Evaluation of requirements

4.4.1. Actuator requirements

Working principle In this section it is evaluated to what extend the prosthesis meets the requirements.
First for the actuator, then for the entire prosthesis. The first requirement for the actuator was that it should
be hydraulic, meaning that is uses a liquid as its working fluid. The prosthesis was designed to operate with
hydraulic oil as its working fluid, as was also used in the prototype. Thereby, this requirement was met.

Force and pressure The actuator is able to generate enough force for the finger to pinch with 30 N. In the
design phase, the required operating pressure was approximated to be 2.6 MPa, omitting friction. The actual
working pressure at which an average pinch force of 30 N was achieved, was 2.5 MPa. This is larger than the
1.4 MPa that was set out in the objective, based on the need for small hydraulic components that operate
at high pressures [74]. The cylinders are designed to withstand a pressure of up to four times the operat-
ing pressure. The weakest link in the hydraulic system is the small tube connector at the distal actuator, at
5.9 MPa. However, the maximum pressure that the pump can generate is 4.5 MPa, according to the manufac-
turer. Overall, the requirement for operating pressure and sufficient force output were fully met.

Dimensions The goal is met for the actuators to fit within the dimensions of the selected cosmetic glove.
The cylinder diameter was also limited by the moment arm of the actuator. Both are constraint by the geom-
etry of the glove. The cylinder diameter could be increased if the safety factor of the cylinder wall is reduced.
This could result in a higher pinch force at a lower pressure. The length of the phalanges allowed for a stroke
of the piston such that a range of motion of 90 degrees flexion is realised.

Fabrication Both the pistons and the cylinders were largely fabricated through single step fabrication.
Some post processing was required. The actuators were required to be fabricated without extensive post
processing such as using a reamer. This requirement is met. The actuators consist of 4 parts each, resulting



56 4. Discussion

in a minimal number of assembly steps. Achieving sufficient geometrical accuracy was a challenge. More it-
erations steps are required to achieve a level of accuracy that is satisfactory. Using a print angle of 90 degrees,
a sufficient level of roundness is achieved (four 3-point measurements within 0.028 mm).

Sealing The ability of the seal to contain the working fluid was not sufficient to prevent contamination of
the actuators environment. At high pressures, some leakage was observed along the the O-ring gland. This is
possibly caused by the squeeze ratio of the O-ring. This was designed to be 10%, while the squeeze ratio of the
prototype is 7%. Unfortunately there is a trade-off between the squeeze ratio and the friction in the cylinder,
which is also measured to be higher than expected. Other ways to reduce the leakage could be to reduce the
clearance between the piston and the cylinder wall. The leakage did not limit the actuators’ ability to deliver
the required force.

4.4.2. Prototype requirements

Mass Increasing the comfort through weight improvement, is of the highest importance according to indi-
viduals using a prosthesis [7]. The goal was to design the prosthesis such that is weighs less than a human
hand (426±63g). This is lighter than most current 3D printed prostheses. The total estimated mass of the
hand is 286 g. Extended effort to reduce the mass have a high potential. Especially when focused on the palm.
Together with the motor and the pump, the device weighs 402 g. The mass of the battery is not taken into ac-
count as it could be placed somewhere else on the body without major design implications, for example in
the socket of the prosthesis.

Functionality With the prototype of one finger, both a pinch grip and a power grip have been established.
This demonstrates that the prosthesis is able to perform the two grip types that are used most frequently,
which make it useful for activities of daily living [58]. The hand is multi articulate and underactuated, such
that a power grip can be achieved, with the fingers adapting to the shape of the object. A stable pinch grip
can be achieved on objects as large as the opening diameter of the hand (78 mm). In reducing the complexity
of the design, a two point pinch grip was opted for. A three point grip would offer several benefits. Such as
a more stable grip on cylinder shaped objects, such as a pen. Moreover a higher total pinch force could be
achieved. With one finger, a pinching force as high as 41 N was established. Pinching over 30 N was proven
to be reliably possible. The closing time of the prototype is 0.53 s, well within the target range (0.25-1 s) and
competitive with commercially available hands [51, 63]. The estimated closing time of the entire hand is
0.93 s.

Cosmesis The designed prosthesis is to be covered with a cosmetic glove. This cosmetic glove is designed
to appear like a human hand. The mechanism is designed according to the shape of a human hand. All
parts of the mechanism are dimensioned such that they fit within the glove. Thereby, excellent cosmesis is
achieved when the glove is used over the hand. For this study, the selected model of the glove was unavailable.
Therefore, the hand was designed to have a basic level of anthropomorphism.

Fabrication The structural parts of the prosthesis were all fabricated through FDM printing. The extended
design freedom offered by 3D printing, was used in the anthropomorphic design of the palm. The design
of the phalanges include basic geometrical shapes to allow for single step printing without using support
material. The hand is completely modular and the total number of assembly steps is 42. Half of those steps
are the placing and securing of the springs. Assembly efforts were reduced as the actuators can be placed
directly in the mechanism in a single step. The prosthesis can be assembled within 30-60 minutes, requiring
a set of pliers. The assembly does not require any training and could be explained using a simple manual.

4.5. Recommendations

4.5.1. Improvements on the design

Introduction In this section, recommendations for further research are presented. First, improvements
on the current design are suggested. Second, suggestions for future research are discussed. The design can
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be improve upon in multiple ways. A selection of suggested improvements is categorised in four groups, as
follows.

Improved gripping The gripping ability of the hand can be improved by realising a three point grip. With
two fingers and the thumb, a higher force can be used than with a two point pinch grip. This also allows the
hand to be used to grip a wider range of objects. Secondly, the shape of the thumb is more suited for pinching
than for a power grip around an object. A redesign of the thumb could allow the hand to grasp objects like
larger coffee cups. Moreover, the thumb could be designed such that the thumb can be passively controlled.
A hook grip with four fingers could be realised this way.

Integration of components Since the parts are 3D printed, there is a large design freedom for the shapes of
the structural parts. Designing the hand such that the actuators and tubing are integrated with the phalanges,
could lead to higher cosmesis. This could be an alternative for using a cosmetic glove, which adds to the total
mass of the hand. Furthermore, the design should be developed further, including the integration of the
pump and electrical components in a socket.

Reduced weight The weight of the hand can be reduced significantly. This was not prioritized in the de-
sign of the palm. The mass of the palm accounts for approximately 46% of the mass of the hand (without
pump, etc.). It can be reduced by replacing it with a hollow structure that has a similar shape and mechanical
properties.

Actuator performance Finally, the actuator performance should be improved. Two aspects of the actuators
that were unsatisfactory, were the seal performance and the friction in the cylinder. The performance of the
seal should be enhanced to reliably prevent the leakage of the working fluid. This is challenging as a tighter
seal results in increased friction. The friction that was measured according to section 3.2.3, was 29% of the
theoretical force output of the proximal actuator. Besides the limitations of the experiment, e.g. the occa-
sional tilting of the piston within the cylinder, the high friction could have several causes. The dimensions
of the cylinder are crucial for a properly operating seal, such as diameter and roundness. Also, the surface
roughness of the cylinders contributes to the friction. Both the geometry and the surface quality could be
improved upon by post processing or optimizing the print settings for printing a hydraulic cylinder. Using
a different printing technique is also an option, although the layer height of SLA printing (0.025 mm) leaves
little room for improvement.

4.5.2. Future research

Several options for future research are recommended. Most relevant is the further development of the 3D
printed hydraulic actuators, as little to nothing is present in current literature. Starting with the challenges en-
countered in this study, the geometric accuracy and surface quality of different printing techniques could be
investigated. This could include optimization of certain print parameters, such as layer thickness. Comple-
mentary to this, the influence of surface texture on seal friction could be determined. Improving the surface
quality and accuracy of the 3D printed cylinders could be pursued by reviewing different print techniques
and post processing steps. If successful, the sealing and friction can be improved upon. There are several
relevant research directions to further advance the possibilities of 3D printed hydraulic actuators. It is es-
sential is to test them in multiple applications, starting by designing an actuator that has joint connections
that are compatible with conventional mechanical parts. Different operating principles can also be tested,
such as a double acting piston cylinder system. The scalability of hydraulic actuators offers also an interest-
ing research perspective. An elaborate performance review is necessary of 3D printed actuators to allow for
a comparison with conventional hydraulic actuators. This includes gaining insight in the durability of the
actuator, especially the sealing.
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Conclusion

This study presents the first hydraulic actuation system that was fabricated entirely with 3D printing. It was
designed to be applied in a multi-articulate hand prosthesis that meets the essential user requirements. A
prototype was built to demonstrate that the hand is able to produce a pinch force of > 40N, showing that it
can compete with similar prosthetic devices. Its mass (0.35 kg without pump and battery) is less than that of a
human hand. The actuators were tested at an operating pressure of 3.2 MPa and have a theoretical maximum
pressure of up to 5.9 MPa, showing that with a compact design, high pressures can be achieved. The cylinders
were fabricated in a single step using SLA printing, requiring only cleaning and curing as post processing
steps. The cylinder friction in the prototype was measured to be 25.7 N, significantly higher than expected,
at a pressure of around 1 MPa. Measurements were performed to investigate a possible dependence of the
friction on the surface texture of the cylinder wall, due to a different print angle. It was not possible to draw a
valid conclusion as the difference in cylinder diameter was larger than the layer thickness (0.085 mm versus
0.025 mm), an indicator for the order of magnitude of the surface texture. Finally, when operating at high
pressures, leakage through the piston O-ring seal was observed and has not been prevented. This speaks
to the general issue of geometrical accuracy in 3D printing hydraulic cylinders. The entire hand with four
articulating fingers and seven actuators, can be assembled in 42 steps (21 steps for placing and securing
the springs). This makes the prosthesis widely accessible as it can be fabricated through 3D printing and
assembled with a few basic tools, without requiring any training. This study has proven the feasibility of small
scale hydraulic actuation systems that are fabricated through additive manufacturing. Controlling friction
and leakage remains a serious concern due to the geometrical accuracy of 3D printing. However, by applying
the actuation system in a wearable device, it was shown that it can compete with similar conventional devices.
Recommendations for subsequent research include increasing the effectiveness of the seal and determining
the scalability of 3D printed hydrailic cylinders. Future possibilities are increased customization and reduced
fabrication cost of hydraulically actuated mechanical systems.
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Appendix A: Assembly

Table A.1: Total number of parts of the entire prosthesis

Number of parts
Palm 1
Phalanxes 7
Axles 15
Circlips 30
Springs 14
Cylinders 7
Pistons 7
O-rings 7
Tube connectors 7
Total 95

Table A.2: Total number of assembly steps to assemble the hand.

Assemly steps
Assemble joints 7
Place and lock springs 21
Connect tubes to actuators 7
Place actuators in mechanism 7
Total 42
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Appendix B: Other Results

Figure B.1: Measured Di n of two distal cylinders. Both are printed at a different angle from the build plate. The measurement was
performed halfway down the cylinder.
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C
Appendix C: Printer specifications

Figure C.1: Specifications of the printer that was used for the parts that were printed using Fused Deposition Modeling (FDM).
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66 C. Appendix C: Printer specifications

Figure C.2: Specifications of the printer that was used for the parts that were printed using Stereolithography (SLA).
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Figure C.3: Screenshot of setting up the Form 2 SLA printer. Note: The two cylinders on the right were used to test if printing at 0 degrees
with respect to the build plate was possible. This led to cylinders that were not fully round due to leftover resin in the cylinder.





D
Appendix D: Detailed Design

Figure D.1: Side view of the designed index finger withing the glove. A cutout of the glove is portrayed that is consistent with the dimen-
sions as described by the manufacturer (101L XL1Male glove, Regal Prosthetics LTD.).

69



70 D. Appendix D: Detailed Design

Figure D.2: Technical drawing of the middle-distal phalanx.
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Figure D.3: Technical drawing of the proximal phalanx.



72 D. Appendix D: Detailed Design

Figure D.4: Technical drawing of the little finger.
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Figure D.5: Technical drawing of the palm. The scale is half of that of the other technical drawings.



74 D. Appendix D: Detailed Design

Figure D.6: Technical drawing of the distal piston.
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Figure D.7: Technical drawing of the proximal piston.



76 D. Appendix D: Detailed Design

Figure D.8: Technical drawing of the distal cylinder.
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Figure D.9: Technical drawing of the proximal cylinder
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