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Abstract: Globally, the most popular upper-limb prostheses are powered by the human body. For
body-powered (BP) upper-limb prostheses, control is provided by changing the tension of (Bowden)
cables to open or close the terminal device. This technology has been around for centuries, and very
few BP alternatives have been presented since. This paper introduces a new BP paradigm that can
overcome certain limitations of the current cabled systems, such as a restricted operation space and
user discomfort caused by the harness to which the cables are attached. A new breathing-powered
system is introduced to give the user full control of the hand motion anywhere in space. Users can
regulate their breathing, and this controllable airflow is then used to power a small Tesla turbine that
can accurately control the prosthetic finger movements. The breathing-powered device provides a
novel prosthetic option that can be used without limiting any of the user’s body movements. Here
we prove that it is feasible to produce a functional breathing-powered prosthetic hand and show the
models behind it along with a preliminary demonstration. This work creates a step-change in the
potential BP options available to patients in the future.

Keywords: assistive technologies; body-powered device; limb difference; paediatric users; Tesla
turbine; upper limb

1. Introduction

There are over 40 million limb-deficient individuals worldwide, most of whom do
not have access to any form of prosthetic care [1]. The World Health Organization (WHO)
has estimated that among this population, upper-limb (UL) loss or absence accounts for
about 16 % [2]. Global estimates for congenital UL differences vary widely and range from
4 to 5/10,000 to 1/100 live births [3]. Acquired UL amputations can be due to a wide
variety of aetiologies, with the primary cause often being trauma. Unfortunately, most UL
prosthetics currently available to patients are often neither affordable nor applicable in
more challenging environments. The issue of appropriate prosthetics is even more pressing
for children and adolescents, as there are fewer options available to them [4-6]. There
is immense variability between and within countries regarding how children with UL
differences are treated [7]. Active prostheses such as myoelectric devices are rarely fitted to
the skeletally immature (this is especially true before the age of four) due to cost, weight,
and/or muscle strength constraints [8]. Most children are, therefore, typically provided
with a passive device or a body-powered (BP) prosthesis as their first active device [6,8-10].
These systems play a vital role in improving their gross motor development [10]. Passive
devices have been generally associated with higher rejection rates in children because of a
preference for function over cosmesis [5]. Providing suitable active devices to children and
adolescents—and, consequently, improving their quality of life (QOL) as well as prosthetic
outcomes in the long term—should thus be a priority.
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The reported benefits of body-powered (BP) prostheses include silent action,
lightweight, moderate cost, increased reliability, reduced training period, simple mainte-
nance, proprioceptive feedback, and a simple operational mechanism that uses the body
motions of the user to voluntary open or close the terminal device [11]. Furthermore, a
voluntary closing BP prosthesis provides the user with extended physiological propriocep-
tion [12]. It extends the proprioceptive feedback to tools that users might engage with.

Various prosthetic options are available based on an individual’s level of UL differ-
ence [13,14]. However, the most widely-used and affordable UL prosthesis across different
settings and decades remains a Bowden cable-driven BP system [9,15-19]. The earliest
recorded model of a BP prosthesis is the ‘Ballif arm’, which dates back to 1818 [20-22],
making it now more than two centuries old. This purely mechanical technology still domi-
nates much of the market despite the great efforts taken to offer the improved provision
of artificial hands for the user population [18,19,23-25]. There has been little progress in
developing new approaches specifically for powerand control of BP devices compared to
their myoelectric counterparts [11,18,19]. As detailed earlier, BP prostheses have many
advantages over externally-powered (EP) devices (e.g., myoelectric arms). However, de-
spite these advantages, BP devices are rejected as frequently as EP devices for reasons like
comfort (especially of the harness). The cost of even a standard (entry-level) BP device can
be prohibitively expensive to own and maintain in low-resource settings. Moreover, BP
prostheses usually require extensive fitting procedures from a high-skilled professional.
Traditional BP devices rely on a harness system for their control that results in a restrictive
operational workspace [26]. Unfortunately, current BP prostheses are also associated with
higher rates of device repair and maintenance compared to other device types [27-29].
In addition, they often include cables and harnesses [30] that many children and female
users find uncomfortable or cumbersome [31-33]. Users rejecting BP prostheses frequently
describe the poor comfort and cosmesis associated with the traditional figure-of-eight and
figure-of-nine harnesses [15,33].

Current BP prosthetics typically necessitate high operating forces [34-36], which
could result in pain and fatigue during and/or after operation [33]. BP prostheses are
reported to be mechanically inefficient [34,35,37] and offer a limited pinch force despite
necessitating high cable operation forces from the user [34,35]. The high operation forces
for BP prostheses contribute to their relatively high rejection rates [15]. Apart from fatigue
and pain as primary drawbacks, high cable operation forces have also been found to
deteriorate pinch force control accuracy in voluntary closing (VC) prostheses [38]. Notably,
Hichert et al. [39] report that users of BP prostheses perceive and control low operation
forces better than high forces. Consequently, their main advantage of offering feedback to
the user is overshadowed, and the high operating forces negatively influence the comfort.

UL prostheses—and specifically BP devices—have generally witnessed poor outcomes,
as the functional gain is limited compared to the disadvantages felt by the users [15,40-44].
UL prostheses” low success rates underscore the vast need for further improvements in
this area [45-48]. In a large-scale epidemiological study, Atkins et al. [49] reported that
users sought improvements in prosthetic control mechanisms, with the option to reduce
the amount of visual attention needed. Ease of control and elimination of the harness
altogether has remained a hope for BP device users [33,50]. According to a 2015 survey [51],
participants generally still preferred novel techniques for UL prosthetic control that are
not surgically invasive, wherein they expressed the highest interest in basic prosthesis
features (e.g., opening and closing the hand slowly), compared to sophisticated features
(e.g., touch sensation offered by some highly surgically-invasive techniques for bionic
limbs) [52-55]. Choosing the path between invasive and non-invasive UL prosthetics has
remained an ongoing topic for general discussion in the field [56]. BP prosthesis users’
design priorities and needs have remained virtually unchanged for decades [33,44,49,50],
and little attention has been given to broadening the design choices available to them.
Recently, the “Self-Grasping Hand” was developed (for adults with hand absence) at the
Delft University of Technology [57,58] to address the need for a purely mechanical device
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that does not require harnessing. However, the Self-Grasping Hand is a passive-adjustable
device that does not provide the user with continuous control over grasping movement
compared to active UL prostheses. Besides, as opposed to an active prosthesis, most
passive-adjustable devices require some involvement from the contralateral hand or the
surrounding environment during the ‘grasp” and ‘release’ phase. Another alternative is
the “Wilmer Elbow Control”, which is a harness-free, elbow-controlled BP prosthesis (that
uses the elbow’s flexion-extension movements as a control input instead of a traditional
harness) [59,60]. However, the obvious downside to this approach is that the elbow’s
movement is coupled to the TD actuation. Hence, any unintended elbow motion leads to
TD opening or closing, thereby restricting the user’s desirable operational space. Efforts
are still underway in the quest for a more appropriate or fit-for-purpose BP prosthesis for
both adults and children [6,59,61-63].

Principally, one of the most significant challenges in this field has been the control
of a UL prosthesis [43,64]. Identifying novel, intuitive, and non-invasive control options
for UL prostheses is an ongoing topic of interest for researchers, academics, and clinicians
alike [43,65-68]. The human body can generate a wide variety of control signals that could
potentially be used to operate a prosthetic hand. Most practical control inputs typically
originate from muscular activity around the arm and shoulder. The primary sources of con-
trol for BP prostheses are biomechanical. When body power is insufficient or undesirable,
EP components may be utilised. The source of the “external power” comes from outside
the human body. Contemporary versions are battery-powered electronic devices but can
also rely on, for instance, pneumatic or hydraulic sources [16,18-20,46,69-71]. Despite its
numerous benefits, this “external power” approach limits the operating time required for
continuous use and increases the weight, complexity, safety requirements, and/or device
cost. Furthermore, improvements in control are still sought [47]. This is an issue in particu-
lar for paediatric users or in low-resource settings. Alternatively, in a BP prosthesis, motion
from the musculoskeletal (MSK) system is usually harnessed to power the technology. Still,
conflicts in control can arise when the MSK system is both the power generator and the
system being augmented/supplemented. Thus, an independent modality that can drive
this kind of assistive technology could create a new robust alternative source for device
power and control.

The exciting idea is to provide a novel customised BP device that allows the user to
disconnect the positioning of the artificial hand in the user’s workspace from the control
and power requirements (which are currently imposed by the harness and cable). This
implies that the user can freely place their prosthetic hand anywhere in space without it
affecting the device’s operation or function. This is particularly promising for UL-deficient
children and adolescents, as their prosthetic operating space should not be limited as they
grow and develop. Prosthesis use in children has been found to affect the development of
their brain, as well as their motor control strategies [72-76]. This could have implications
for long-term prosthetic outcomes. It is argued that a device powered and controlled by
breathing input could expand the user options and address specific requirements that are
difficult to meet with current BP prostheses. We can regulate our exhalation by forcing the
diaphragm upward, and the controllable airflow can subsequently be used to power a small
(custom-built and optimised) Tesla turbine [77], which can then help to achieve accurate
control of the artificial hand. This breathing-powered device provides a patient-specific
prosthetic option that can be used without limiting any of the user’s body movements,
compared to the traditional BP devices. This technical feasibility paper presents a novel type
of BP prosthetic arm that relies on the user’s respiratory system to power and control the
TD. It introduces a breathing-powered prosthetic hand design comprising a purpose-built
Tesla turbine and a transmission system suitable for paediatric users.

2. Materials and Methods

The methodology for this work consisted initially of developing mathematical models
and virtual prototypes that could adequately describe the performance of the individual
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components of the prosthesis. The design process started with determining a suitable
turbine. The results from the turbine design were then used to design the transmission
system. Finally, the TD was considered to accommodate the turbine/transmission as-
sembly and provide key prosthetic device functionality. After the virtual prototyping
phase, efforts were undertaken to make physical prototypes and subsequent preliminary
real-world testing.

2.1. Turbine

There is a need to convert the user’s breathing input into mechanical power, and a
turbine is one of the means to achieve this requirement. The choice of the turbine can be
narrowed down by considering two key aspects of the application. First, the operating
fluid is not conventional, composed of moist air riddled with impurities, such as dust or
small debris that might travel along the breathing tube. Hence, the operating fluid cannot
be assumed homogeneous, as it might contain particulates that travel at high speed inside
the turbine and can cause damage to the internal components. In addition, it is desirable
to have the option of bidirectional operation of the turbine for control purposes, as it
allows for an additional degree of freedom in the system without significantly increasing
its complexity.

Conventional bladed turbines are, therefore, unsuitable for this application since the
blades could be subjected to damage by the fluid’s particulates at high speeds and due
to their inherent unidirectionality. Based on a scan of the literature, a Tesla turbine—a
bladeless centripetal flow turbine patented by Nikola Tesla in 1913—seemed to be the most
suitable option that could meet the design requirements and constraints. The rotors of
Tesla-type turbomachinery are composed of flat parallel co-rotating discs spaced along
a central shaft. The inlet nozzle injects the fluid nearly tangentially into the rotor, where
it passes through the narrow gaps between the discs, moving spirally towards a central
exhaust port at each disc. Power is generated by the momentum exchange between the
operating fluid and the discs” walls via a viscous drag force, resulting from the frictional
behaviour of the fluid’s boundary layer close to the walls due to the relative velocity
between the disc and fluid.

There are several advantages to employing a Tesla turbine in detriment to a conven-
tional bladed design. Because of their simple design, Tesla turbomachineries are easy to
manufacture, maintain, and balance, which results in a low-cost, inexpensive turbine. In
addition, the lack of blades and its self-cleaning nature (due to the centrifugal force field on
the blades) enables it to generate power from various working media, such as Newtonian
and non-Newtonian fluids, mixed fluids, and particle-laden two-phase flows [78]. Further-
more, the same rotor can be operated in clockwise or anticlockwise directions. Finally, it
boasts a high power-to-weight ratio and low noise level [79]. These qualities make the Tesla
turbine a suitable candidate for power extraction in biomedical applications [80,81].

While rotor efficiencies can be very high in Tesla turbines (up to 99 %), the inlet and
outlet nozzles are necessarily long and inefficient, introducing inherent losses as fluid flows
through them [82]. As a result, actual Tesla turbomachines have efficiencies much lower
than theoretically expected. Experimental investigations show that their actual efficiencies
are between 14.63 and 35.5 % [83-87]. More recently, Lemma et al. [88] reported a maximum
efficiency lower than 25% in their turbines. Considerations of design parameters are
therefore essential for this early-stage research.

2.2. Tesla Turbine Model

Guha and Sengupta [89] (see also [82]) present a thorough discussion on current and
previous mathematical models for predicting performance of Tesla turbines, which are often
limited by either low mathematical accuracy [90], inaccurate physical modelling [83,91,92],
lack of experimental validation [93], or oversimplified assumptions [94].

In order to overcome these limitations, Sengupta and Guha’s [79] developed an ana-
lytical model for the fluid flow in the gap between two discs, which was verified against
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Computational Fluid Dynamics (CFD) models and experimental data [79,88]. It solves the
Navier-Stokes equations for the flow between two discs, assuming that [79]: the fluid is
Newtonian with constant properties, the flow is steady and axisymmetric, the axial velocity
is negligible compared to radial and tangential velocities, radial gradients are smaller than
the axial gradients, body forces along r and 6 directions are negligible, the flow is laminar,
and the flow characteristics between any two discs of the rotor are the same. This model
was chosen to produce a virtual prototype of the turbine and assess the order of magnitude
of torque and power produced.

The flow enters the disc gap at a radius r; and exits it at a central outlet at r = r,. The
gap is given by b (Figure 1). The fluid has a density p and a kinematic viscosity p (v = u/p).
The inlet of the turbine is a circular plenum chamber (vaneless diffuser) [78,88], which
converts the radial velocity to tangential velocity. At the inlet of the rotor, the area-averaged
radial and tangential components of the fluid velocity are given as V, ; and Vp ;, and their
distributions along the rotor are given as V, ;(r, z) and Vy(r, z). The rotor spins at a radial
velocity Q).

Figure 1. Analytical model for the fluid flow of a Tesla turbine design. The flow enters at radius r;
and exits the central outlet at r,. The gap is given by b. () is the rotational speed of the disc and the
absolute velocity of the fluid is given by U, with the subscript of 0 reflecting the azimuthal direction
in cylindrical coordinate system.

This model predicts that torque produced by a rotor consisting of 7 discs is given as:

r— 2471,1777‘1/[‘79/1‘ 1’1-2

, )

where
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A limitation of Equations (1) and (9) is that their inputs are related to the flow con-
ditions inside the turbine (at the inlet of the rotor), which can be difficult to estimate.
Therefore, it is necessary to construct a model of the inlet nozzle plenum chamber to link
the power and torque production to the breathing inputs.

Conservation of mass in the plenum chamber gives us V, ; as:

_ i Q
Vi oh. " AL (10)

where 71 and Q are the mass and volumetric flow rates through the rotor, respectively, and
A, is the wetted area of the rotor inlet (cross-sectional area of the gaps where the working
fluid passes through), given by:

Ac 2271'7’,' b (Tld — 1). (11)

Since the plenum chamber can be thought of as a vaneless diffuser, we disregarded
frictional losses in this component and considered that the angular momentum must be
conserved, i.e.,:

_ _ 1’1'
Vo,i = Vo,intet / (12)

Tplenum

where Vj ;,j0+ represents the area-averaged tangential velocity at the inlet of the plenum
chamber and 7 e, Tepresents its radius.

2.3. Transmission

Several design requirements and constraints must be considered to select the optimal
transmission mechanism whilst maintaining a small overall size and weight of a prosthetic
TD. Minimal friction and inertia—along with virtually no backlash—are particularly im-
portant if fingers are required to perform tasks involving dexterous manipulation. Indeed,
nonlinear effects due to friction or backlash could make it difficult or impossible to control
the movements accurately. Compared to alternatives (e.g., tendon/sheath, linkages and
cams, flat bends and belt), gear trains are more suited for our application as they offer the
best stiffness properties to the transmission, are less noisy, require low maintenance, are
reliable, and allow bidirectional ‘push and pull” control of the joint [69]. This bidirectional
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feature is exceptionally suited to be compatible with both directions of rotation of the Tesla
turbine rotor. Nevertheless, it should be noted that gears” employment can substantially
increase the weight, complexity, and sometimes even hand dimensions [69].

An actuator technology should be chosen such that the largest ‘motor-gearhead’ com-
bination will fit within the physical constraints of the mechanism being designed [16].
Based on a literature review of prosthetic hands for children, the output requirements of
the transmission were 9.81 N (1 kg) of grip force [61] and 1 s of open/close time [25,95,96].
The input from the Tesla turbine to the transmission system—based on optimisations and
virtual prototyping results—was 2.5 Nmm at 2500 RPM. Clearly, the Tesla turbine here pro-
duces excessive speed and insufficient torque for prosthetic applications. As a result, drive
reductions were considered necessary to reduce the speed and increase the torque provided
by the actuator [16]. The objective here is to maximise performance by optimising output
speed and torque to attain physiological speeds and torques. Therefore, a transmission was
designed using a series of meshing (simple and compound) spur gears and a worm drive
at the last stage to obtain the required speed, torque, and self-locking (Table 1). Spur gears
were mainly chosen as they provide one of the highest efficiencies (in the range of 94-98%).

The theoretical gear output torque is given by (Equation (13)):

Mo = My (13)

where M represents the output torque (in Nm), M; represents the input torque (in Nm), r
represents the gear transmission ratio, and # represents the gear efficiency (in %).

Table 1. Transmission gear train details.

Gear Teeth/Start Input Gear Gear Output Rotations
Label Shaft Type Gear Type (For Torque, M; Transmission Efficiency, Torque, M, per min,
Worm) (In Nm) Ratio, r Vi (In Nm) (In RPM)
Gear A Simple (Input) Spur 10 0.0025 - - 0.0025 2500
Gear B Compound Spur 30 0.0025 3:1 0.95 0.0071 833.3
Gear C Spur 10 0.0071 1:1 1 0.0071 833.3
Gear D Compound Spur 40 0.0071 4:1 0.95 0.0271 208.3
Gear E Spur 10 0.0271 1:1 1 0.0271 208.3
Gear F Compound Spur 60 0.0271 6:1 0.95 0.1543 34.7
Gear G Worm Single 0.1543 1:1 1 0.1543 34.7
Gear H Simple (Output) Worm wheel 10 0.1543 10:1 0.85 1.3118 35

Prosthetic hand function strongly depends on actuator performance, which subse-
quently affects the entire system’s performance [69]. Thus, one important consideration
concerns the need for non-back-drivable mechanisms (NBDMs). A transmission is termed
non-back-drivable when motion can only be transmitted from the input to the output
axis, not vice versa. In robotics and prosthetics, mostly lead screw and worm drives have
been employed as non-back-drivable gearing between the actuator and the fingers or grip-
pers [69,97,98]. Hence, our gearbox for the prosthesis was designed such that a worm drive
at the final stage offers self-locking and acts as an NBDM. Another rationale for choosing a
worm drive is that it provides a high gear ratio in a small volume. However, the efficiency
of a worm drive is inversely related to the gear ratio. Consequently, a smaller gear ratio of
10:1 was chosen to provide higher efficiency at this stage. Besides, the number of starts on
a worm gear is one of the factors that influence the self-locking ability, i.e., it is easier to
self-lock when the number of starts becomes smaller. Consequently, a single-start worm
drive was chosen in the transmission design.

Compared to other locking options available [97], a worm drive possesses several
desired properties that can be deemed compatible with the breathing-powered, Tesla
turbine-based prosthesis. If the stiffness of the frame and the fingers are sufficiently high, a
worm drive allows the actuated finger to passively maintain a grip force without continued
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a)

powering of the Tesla turbine, thus minimising the requirement of continuous user input.
In prosthetics, non-back-drivability is also vital for safety reasons. If a user stops powering
the Tesla turbine, then it should not cause the (potentially dangerous) release of a grasped
object [98]. The chosen locking type is passive, offers friction-based locking (i.e., due to
shear friction), and avoids energy losses.

3. Results

Mathematical models and virtual prototypes were used in the initial phase of the
design process. A virtual prototype of the turbine was constructed, according to the
previously described methods, to allow fast iteration over key design parameters.

3.1. Turbine

The overall design of the turbine is shown in Figure 2, consisting of a rotor with N
discs, a plenum chamber and an inlet tube. A plenum chamber was incorporated as the
turbine’s inlet component to maximise the conversion of radial velocity into tangential
velocity, which significantly improves the rotor’s efficiency [78,88].

b) c)

Bolts - ———

Upper Lid

N .
Bearing \ Casing

AN
Spacer \ Plenum

chamber

Inlet tube

Fluid inlets

Figure 2. Tesla turbine design. (a) Top level components. (b) Detail view of the rotor. (c) Fluid regions.

A virtual prototype of the turbine was developed using the analytical method pro-
posed by Guha and Sengupta [79] and conservation laws for modelling the inlet plenum
chamber. When providing the dimensions of the turbine and the operating conditions (inlet
mass flow rate and rotor shaft speed) as inputs, the virtual prototype model outputs the
theoretical torque and power production. This proposed model is purposefully optimal,
i.e., it provides an upper boundary for torque and power, disregarding frictional losses in
the inlet tubes, plenum chamber, bearings, and minor losses throughout the turbine, such
as fluid leakage.

To simplify the validation of the turbine, the rotor and plenum chamber diameters
were chosen as 50 mm and 100 mm, respectively, consistent with the validated turbine
design developed by Lemma et al. [88].

For the expected operating conditions, the mass flow rate was determined by the
maximum value of peak expiratory flow rate for children, as this would represent a
lower bound for use in prosthetics. The values were taken as 40kg/h (approximately
550 Ls/min with saturated air at 100 % relative humidity and a body temperature of 37 °C,
latm—p = 1.1147kg/m?3, u = 1.8347 x 107> Ns/m?) [99,100], while the order of magni-
tude of the maximum shaft speed that could be generated by breathing was assessed by a
pilot study as 1883 rotations per minute (RPM) (n = 13, 99.9 % confidence).

The aforementioned design values were fed into our virtual prototype model. A disc
gap was chosen to maximise the torque and, consequently, the power with respect to our
inlet conditions, and later rounded to be 0.2 mm to aid in manufacturing. A height of
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10mm and 9 discs were chosen for the turbine. Figures 3 and 4 show the theoretical torque
and power predicted by the virtual prototype model as a function of the shaft’s speed and
inlet mass flow rate.

-3
3.5 x10 T T T T T T T T T

2.5 \ ]
3!'
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1 1
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Shaft speed [RPM] <104

(b)
Figure 3. Generated torque vs. shaft speed for several mass flow rates. (a) Shows the torque generated
by a shaft speed of up to 5000 RPM. (b) Shows the torque generated by a shaft speed of up to to
20,000 RPM.
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Figure 4. Generated power vs. shaft speed for several mass flow rates. (a) Shows the power generated
by a shaft speed of up to 5000 RPM. (b) Shows the torque generated by a shaft speed of up to to
20,000 RPM.

From Figures 3 and 4, it can be noted that there is a linear relationship between the
turbine’s torque and the shaft speed, which results in parabolic power production, as
expected [79,88]. The torque is maximum at stall (0RPM) and reaches zero at a given
RPM, after which the turbine starts to behave as a compressor — needing a torque supply,
consuming power, and increasing the fluid’s pressure. Frictional bearing losses in the
turbine would change the slope of the torque curves and translate the maximum power
location [88]. For a given mass flow rate, there is a single maxima for the power curve. As
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expected, the higher the mass flow rate through the turbine, the higher the overall power
and torque produced.

In Section 3.1, we turn our attention to the shaft speeds lower than 5000 RPM, within
our expected range of what a child could spin the turbine through breathing. Most of the
power maxima lie outside of this range, which means that maximising the power would
simply mean breathing in as much air as possible and letting the turbine spin as fast as
possible. However, maximisation of torque requires lower speeds, as its maximum is at
stall. This allows for another degree of freedom for the user when controlling the device, as
the breathing level could affect closing time and grip force.

3.2. Transmission

After optimising the Tesla turbine’s parameters, the outputs of this model were fed to
a mathematical model of our transmission system (that was based on standard mechanical
design calculations and practices) to achieve the desired size, torque, RPM, and power for
finger actuation. The gearbox facilitated converting output from the turbine to a higher
torque at a suitable lower RPM. The output of this optimised virtual transmission model
was used to achieve the actuation of the TD. The modular transmission enables the Tesla
turbine axis to be oriented along the dorsal/palmar aspect of the hand and thus facilitates
geometric requirements. This modular gearbox (Figure 5) was designed as a series of
meshing (simple and compound) spur gears and a worm drive at the last stage to ensure
self-locking [98,101].

Top plate

Turbine coupling shaft

Gears

Assembly bolts Worm wheel

Index finger mounting posts

Bottom plate

Figure 5. Schematic of the Modular Gearbox Design.

The worm gear at the final stage of the modular gearbox meshes with the truncated
worm wheel at the base of the proximal phalanx of the index finger (i.e., along the metacar-
pophalangeal (MCP) joint axis) to actuate the index finger to close against the fixed thumb
(Figure 5). The index finger, when opposed by the thumb, provides a cylindrical or tip grip
based on the shape/size of the grasped object [102-104].

Two types of prehensors are typically utilised in BP prosthesis, consisting of voluntary
opening (VO) or voluntary closing (VC), which for the traditional BP device is achieved
when the Bowden cable is tensioned volitionally by the user [24,105,106]. Unfortunately,
voluntary-opening BP prostheses are typically not feasible for young children [32]. How-
ever, the ‘locking” ability of the breathing-powered prosthesis at any position and the ability
to drive the system in both directions allows our device to be deemed as both VO and
VC type. This enables the user to have a greater level of control than previously available
with most BP devices. This is similar to a few prosthetic devices that offer the option of
swapping between VO and VC mode (e.g., [107]).

Theoretically, this prosthesis can produce a grip force and response time [25] typical
of active prostheses used by paediatric users. The gearbox helps transform the 2.5 Nmm
at 2500 RPM input from the Tesla turbine rotor shaft to 1312 Nmm at 3.5 RPM output at
the final stage for the TD actuation (with a total reduction of 720:1). To prevent slippage
of the grasped object, the gripping force applied by the prosthesis user is adjusted to the
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friction coefficient (1) between the gripping surface (i.e., fingertips) and the object [103],
which affects the shear force acting on the object. We have assumed a coefficient of friction
of 0.5, corresponding to the rubber patches on the fingertip, for calculating the grip force
in this study. An index finger length (when curled) of 6 cm and a range-of-motion of 70°
were assumed to calculate the grip force and hand open/close time. This resulted in a
theoretical value of 10.93 N (1.11 kg) of grip force and 3.36 s of response time. This ‘Slow’
version gearbox was used in user testing. Furthermore, we have designed another (‘Fast’)
gearbox that transforms 2.5 Nmm at 2500 RPM input from the Tesla turbine rotor shaft to
409.9 Nmm at 11.1 RPM output at the final stage for the TD actuation (with a total reduction
of 225:1). This results in a theoretical value of 3.42N (0.35kg) of grip force and 1.05s of
response time.

3.3. Demonstration—Preliminary User Testing

A demonstration model was produced based on the aforementioned design considera-
tions to determine the feasibility of the proposed breathing-powered prosthetic concept. A
3D-printed modular design was created of the turbine, transmission, and anthropomorphic
TD. Additive manufacturing was selected for several components (such as the turbine) as
it has matured substantially in the last decade and now offers the potential to be integrated
directly into the prosthetics field [108-111]. This utility of additive manufacturing is pre-
dominantly driven by the opportunity for personalisation, and the promise of improving
device accessibility in low-resource settings [46,112].

The embodiment of the Tesla turbine underwent a considerable number of iterations
during the development stage until a suitable manufacturing process was achieved. After
this, a bespoke, modular, metallic gearbox was manufactured that was affixed to the
3D-printed anthropomorphic TD via fasteners. The 3D-printed index finger was rigidly
attached to index finger mounting posts on the transmission. The transmission’s input
shaft attaches to the turbine rotor shaft via a square coupling. Silicone rubber patches were
added at the tip of the thumb and index finger to achieve compliance and increase the
coefficient of friction on the volar surface. The device is shown operational in Figure 6 by
one of the paediatric volunteers. This model achieved successful TD opening and closing as
well as grasping of an object by the child via breathing input. Supplementary user videos
have been included that show the operational device. A silicon rubber tube is used, with
one end attached to one of the turbine inlets and the other end connected to a nozzle, to
allow for breathing input by the user. The self-locking aspect ensures the grasped object
does not slip when the user stops breathing into the system.

FLLLTTLY

0 sec 1sec 2 sec 3 sec 4 sec 5 sec

0 sec 1sec 2 sec 4 sec

Figure 6. Demonstration model of breathing-powered prosthetic device. (A) Demonstration of the
dynamic tip grip function with a pen. (B) Demonstration of the breathing-powered closing of the
terminal device by a nine year-old volunteer.
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4. Discussion

This is the first proof-of-concept study demonstrating the feasibility of a novel
breathing-powered UL prosthesis. We used virtual prototyping to explore the design
parameters and optimise the design before physical prototyping. Furthermore, the demon-
stration with a volunteer shows the potential functionality of the proposed concept. This
novel way of powering and controlling the device allows it to compete with the traditional
Bowden cable-driven BP devices while simultaneously overcoming several limitations of a
cable-driven approach.

Most activities of daily living (ADLs) necessitate fast speed and low grip force (e.g.,
typing, gesturing) [25]. Tozeren suggests that a 0.8 s closing time is sufficient for prosthetic
hands [95], although Dechev et al. [96] states a slightly slower 1.0-1.5s closing time is
adequate for conducting ADLs. The demonstration model has a relatively longer closing
time, but minor changes to the gearbox can create the closing times suggested above.
Ideally, a clutch-based gearbox could be developed in the future to provide the option
to select between appropriate operation speed and grip strength delivery. This stage of
development can and should be driven by further user input.

One of the main limitations of the current device is the lack of optimisation in extracting
power from the turbine, while careful consideration was taken in the turbine’s design to
optimise its performance, there is still significant room for improvement. Further work
should focus on building a suitable analytical /numerical model for the whole turbine
assembly (rotor plus the inlet plenum chamber) validated by experimental investigations.
Additionally, the experiments should ensure that there is proper control of the inlet mass
flow rate and the shaft’s speed, as current studies are limited by pressure control [88].

In addition, the manufacturing process of the rotor blades is reaching the edge of
current machinery and conventional methods capabilities. Minimisation of the turbine’s
size and weight, as well as the maximisation of the turbine’s power, relies on manufacturing
very slender discs and spacers to a high precision — in this study, a 50 mm by 0.8 mm
(diameter x height) disc with a 10 mm by 0.2 mm spacer for the gap were used. Further
optimisation would need even thinner discs (to the order of 50 pum) while still keeping
structural integrity under high centripetal loads.

The weight of the overall design is another important aspect that needs to be consid-
ered. The human hand on average weighs 400 g [113] or 0.6 % of the total body weight for
men and 0.5 % for women [95]. Although, prosthetic TDs of an equivalent weight have
been described as being ‘too heavy” by users [15,40,114,115]. Since the forces from the
prosthesis are borne by the soft tissue instead of the skeleton, the perceived weight of
the TD is increased. Besides the overall device weight, the mass distribution affects the
perceived weight of the system; hence, due consideration will be given to this aspect in
the future. A range of 350-615 g is seen in current commercial prostheses and 350-2200 g
in research-based hands [25]. Within the prosthetics field, no set specification exists for
the maximum weight of the prosthesis; the only agreed-upon specification is to minimise
weight in general [25]. The weight of the prosthetic device is a key contributor to socket
interface discomfort and user fatigue. The prototype shown in the preliminary user testing
weighs 429 g, with the wrist adaptor weighing 137 g. It should be noted that in this phase
of the device development, the turbine is situated exterior to the TD, which adds mass to
the overall system. This modular concept is useful for design exploration but should not be
part of the final implementation. This study also used a gear module of 0.4 mm/teeth to
reduce the transmission size. However, later we intend to explore a much smaller module
in the order of 0.2-0.3 mm/teeth to help further miniaturise the transmission. Essentially,
there will be a research interest in reducing the current gearbox’s dimensions and weight.

In general, future work should focus on miniaturising the turbine and transmission to
reduce the weight further. Ideally, the turbine will be integrated into the palm of the TD.
This will directly reduce the weight of the overall system whilst also allowing for more
aesthetically pleasing and anthropomorphic designs. In addition, future work could aim to
use appropriate silicone gloves or conforming fingertip /palmar pads (i.e., friction pads on
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the TD’s volar surface to (i) increase the coefficient of friction and (ii) achieve compliance),
which has been highly recommended in the mechanical design of prosthetic hands [25].

The use of 3D printing and associated manufacturing techniques for our device has
been extremely vital to iterate across designs and achieve a working prototype in a cost-
effective and timely manner. Nevertheless, additive manufacturing for creating prosthetics
needs to be carefully considered, as 3D printed prosthetics are still lagging behind conven-
tional prosthetics in terms of, e.g., clinical evidence [110]. Other manufacturing techniques
should therefore be considered to scale the proposed system.

At the moment, the demonstration model has not been tested beyond the preliminary
use of two volunteers. The volunteers were two boys aged nine and 11 who were asked
to engage with the prototype without any acclimation time. The next steps will need to
consist of validation of the device clinically by selecting (subjective and objective) outcome
measures set within the WHO International Classification of Functioning, Disability, and
Health (WHO-ICF) framework [116] and the recommendations by Upper Limb Prosthetic
Outcome Measures (ULPOM) Group [117,118]. For example, the function can be tested by
exploring the accuracy of patient’s control of a TD, dexterity, grasp, and speed.

The lightweight tube used for input is stretchable, unlike the Bowden cable. This
means that the user can look away without issues. Initial positive responses have been
gathered with regards to the use of this approach from a small group of patient representa-
tives. However, the mouthpiece does still need to be placed in the mouth for operation, and
there are several ways in which this can be placed near the mouth for easy access. Further
studies will be needed to explore the most appropriate design from a user perspective.

Another essential user consideration is the hygiene and sanitation of these kinds of
devices. Users will need to be made aware that periodically cleaning the device might be
required. Similar hygiene issues also exist in the control of motorised wheelchairs using
the ‘sip-and-puff’ technology. This technology has been around for several decades and is
also safely applied in other assistive technology. The application of appropriate valves will
further help to ensure the safe use of these systems over time. These aspects will need to be
explored in clinical user trials.

It should be noted that the device presented in this paper helps decouple aperture
control from the control of the position of the prehensor in space. The presented design can
open or close the hand without the need for contact or the requirement to hold/move a
particular body part (e.g., shoulder) in a certain position.

Micera et al. [119] highlight that reliable and intuitive control of UL prostheses to
obtain adequate dextrous manipulation requires sufficient feedback of prosthetic finger
positions and pinch forces applied to objects. One of the problems with myoelectric devices
is that they do not offer direct feedback of the forces or opening of the TD, as offered by
a conventional harness and (Bowden) cable in BP prostheses. Although the absence of
a harness is in some respects a great advantage of the myoelectric devices, the harness
feedback ultimately enables the experienced user to feel the prehensor as a natural extension
of their body.

Current BP prostheses offer the benefits of proprioceptive feedback [12], and it has
been shown that this proprioceptive feedback is superior to visual and tactile feedback [120].
Conversely, a (myo)electric device requires its user to rely predominantly on visual feedback
to estimate the end-effector position. However, auditory and tactile feedback from motor
vibrations serves as a rough estimate of grasping forces, which is inferior to BP prostheses’
proprioceptive feedback. It will be interesting to explore whether or not the breathing-
powered device provides users with suitable feedback. Nevertheless, like an electric device,
this device currently offers visual and auditory (in the form of noise from the gearbox and
turbine rotor) feedback during device operation. However, understanding these aspects
better, or perhaps, incorporating another feedback mechanism in the device [121-123] if
required should be considered as future work.

Finally, it should be noted that the operation of the breathing-powered prosthesis
does not seem to require any meaningful training time. There was no real acclimation
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time given in the user demonstrations included in this paper. The volunteers came in
and used the device straight "out of the box" without any practice. They were just asked
to explore the device, while recordings were made of their interactions. The users were
able to directly operate the device due to the comprehensive responsiveness to a simple,
intuitive, and controllable input. Reducing or even (almost) eliminating training times will
positively influence user acceptance rates and provide a valuable directionality for what
can be achieved with novel prosthetic designs.

5. Conclusions

This study shows a demonstration of a novel BP prosthetic hand. This concept provides
a step-change in how BP prostheses have been designed and offers new possibilities to those
with a UL difference. It is one of the first truly new design approaches for power and control
of BP prosthetics since the emergence of a cable-driven system over two centuries ago.

6. Patents

The authors are listed as co-inventors on a patent application (UK application
no. 2113486.1) that covers the design and fabrication of the breathing-powered prosthetic
system described in this manuscript.
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The following abbreviations are used in this manuscript:

ADL Activity of daily living

BP Body-powered (device)

CFD Computational Fluid Dynamics
EP Externally-powered (device)
MCP Metacarpophalangeal (joint)
MSK Musculoskeletal

NBDMs Non-back-drivable mechanisms
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QOL Quality of life

RPM Rotations per minute

TD Terminal device

UE Upper extremity

UL Upper limb

vC Voluntary closing

VO Voluntary opening

ULPOM Upper Limb Prosthetic Outcome Measures (Group)

WHO World Health Organization

WHO—ICF WHO—International Classification of Functioning, Disability, and Health
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