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Abstract: The “Infinity” foot controller for controlling prosthetic arms has been improved
in this paper in several ways, including a foot sleeve that enables barefoot use, an improved
sensor-controller unit design, and a more intuitive control scheme that allows gradual
control of finger actuation. Furthermore, the “Persistence Arm”, a novel transradial pros-
thetic arm prototype, is introduced. This below-the-elbow arm has a direct-drive wrist
actuation system, a thumb design with two degrees of freedom, and carbon fiber tendons
for actuating the four forefingers. The manufactured prototype arm and foot controller
underwent various tests to verify their efficacy. Wireless transmission speed tests showed
that the maximum time delay is less than 165 ms, giving almost instantaneous response
from the arm to any user’s foot control signal. Gripping tests quantified the grip and
pulling forces of the arm prototype as 2.8 and 12.7 kg, respectively. The arm successfully
gripped various household items of different shapes, weights, and sizes. These results
highlight the potential of foot control as an alternative prosthetic arm control method and
the possibility of new 3D-printed prosthetic arm designs to replace costly prostheses in the
market, which could potentially reduce the high rejection rates of upper limb prostheses.

Keywords: foot control; wrist actuation; robotic arm; 3D-printing

1. Introduction

A recent study was conducted by Salminger et al. [1] in 2020 to assess if new innova-
tions and refinements in prosthetic technology had an impact on the previously reported
high upper limb prostheses rejection rates, reported in [2]. Surprisingly, it was found that
the advancements of upper limb prosthetics in the last decade had not yet achieved a
significant change in prosthetic abandonment. The rejection rate was 44% among 68 in-
dividuals with traumatic upper limb loss in Austria. The three major concerns shared by
the participants were comfort, device weight, and functionality. Among users, 93% used
myoelectric controllers, which reflects the dominance of this control method in controlling
powered prosthetic arms. Although academic solutions were proposed to address the
patient’s complaints, clinical reality has not fully benefited yet from the new advances to
cause any improvements in prostheses acceptance rates.

Myoelectric control systems use electromyographic (EMG) signals from residual mus-
cles to control the prosthetic device. Myoelectric controllers have moved from the early
single-site EMG sensors to pattern-recognition systems that rely on machine learning to
interpret multiple muscle signals [3]. Although this enabled control of multi-degree-of-
freedom prostheses, the limitations of this control approach still exist. Myoelectric control
systems are affected by the skin condition and cause muscle fatigue. The number of unique
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control commands is still limited. If the amputation resulted in the absence of muscle
function in the residual limb, EMG control would not be an option. This happened with
the individual who was not even fitted with a prosthetic arm in the aforementioned recent
study [1] due to the absence of muscles in the residual limb. EMG systems are also unre-
liable and unpredictable according to a recent study by Chadwell et al. [4] that revealed
that EMG prostheses users tend to produce undesired activations of the hand or incorrect
responses. Franzke’s study [5] also proved the dissatisfaction of myoelectric users with the
process of switching prosthesis function under conventional control. Pattern recognition
was appreciated as an intuitive control that facilitated fast switching between prosthesis
functions but was reported to be too unreliable for daily use and require extensive training.

In the state-of-the art review of prosthetic arm systems conducted by Vujaklija et al. [6]
in 2016, it was concluded that the current bottleneck of the upper limb prosthetic de-
velopment seems to be the control of the robotic limbs. Various other non-invasive
control approaches were proposed, such as electroencephalography (EEG) [7–9], voice
control [9–13], and foot control [14–20]. EEG requires placing multiple brain wave sensors
on the head, usually in a headset to be worn by the prosthetic arm user, which is considered
a limitation on its own. It also requires significant training and mental concentration during
use and is affected by the placement and amount of hair on the head [21]. The reliability
level is also lower than other control methods [9]. Despite the current advances in voice
recognition technologies, using voice control for prosthetic arms requires the user to talk to
the device to control the arm, which would not be desirable in all situations. Noise could
affect the reliability of the system [21], and security measures would be needed to prevent
others from controlling the user’s arm.

Alderson [22] was the first to propose a foot controller for above-the-elbow individuals
with upper limb loss of “extreme cases”, who have extremely short stump, no stump at
all, or a stump of moderate length but with impaired muscular function. The controller
included toe contacts in a sole to be worn inside the user’s shoe. His patent, that focused
mainly on the design of a prosthetic arm, was filed on 10 July 1948, and was granted on
1 January 1952. In 1968, Alderson wrote a chapter on an improved version of his invention
in the “Human Limbs and Their Substitutes” book [23]. To resolve the problem of accidental
operation of toe controls during walking, he assigned only the little toe to control the motor
of the hand, while the big toe and heel were used to select the functions of the motor.
This was based on a peculiarity of toe actions he found that the little toe exerts only
light pressures in a normal gait but could be pressed down with considerable force when
desired. To operate the arm, the little toe should be pressed first followed by the big toe
or heel. Control signals from the foot were directed to the arm mechanisms by means of
pneumatic bladders embedded in a plastic insole and connected by thin rubber tubing
to corresponding bladders in the arm. In 1974, Graupe [24] eliminated the need for three
toe movements that were required per limb function in Alderson’s invention, and used
microelectronic hardware (strain gages) that were unavailable in 1952 to enable control of
the prosthetic hand using one toe movement in his proposed controller idea. His system
was operational only during sitting, lying, or standing, but was inhibited during walking.
Using the natural anatomic and physiologic similarities between the upper and lower
extremities, which makes the foot and leg to be an ideal control interface, Luzzio [25], in
2020, developed a stocking laced with multiple sensors to provide input on multiple leg
joint positions. The signals were used to control homologous movements in a prosthetic
upper extremity. The significant advantage of this form of control, compared to earlier
inventions, was the simultaneous activation of multiple joints. Carrozza et al. [26,27]
developed a prototype of a wearable insole, called ACHILLE insole, with FSR switches
placed at four sensitive areas (heel, big toe, lateral left, and lateral right). The prototype
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used wireless transmission to control a robotic hand prosthesis with three fingers. Testing
it on 10 able-bodied subjects showed a significant decrease in required adaptation and
learning from the user’s side, compared to EMG control.

Lyons and Joshi [16] conducted an important study in 2015 where EMG sensors were
placed on the forearm to record the muscle activity while participants performed gestures
with their dominant hand. Then, the sensors were placed on the lower leg while participants
performed analogues set of foot gestures. An intuitive mapping between the hand and foot
was found and determined to be sufficient for prosthetic control. Accordingly, they used
surface EMG (sEMG) sensors placed on the lower leg and mapped the degrees of freedom
of the leg to those of the arm to enable noninvasive control of prosthetic elbow, wrist, and
hand movements [17,18]. Lee et al. [20] used a wearable fabric sensor on the lower leg to
map foot postures to prosthetic hand postures. Their experimental results confirmed that
the sEMG signals of the lower limb obtained by using their developed sensors were more
distinct than those of the upper limb for eight postures. DEKA Research [28] developed a
prosthetic arm along with a foot controller [29] that includes force sensitive resistors (FSRs)
in a custom made insole along with inertial measurement units (IMUs). Resnik et al. [19]
tested the DEKA foot controller [30] on 36 subjects with upper limb amputation, 77% of
whom owned a myoelectric device, 22% owned body-powered devices, and 14% owned a
cosmetic arm or no prosthetic device at all. Although some of the subjects described the
used FSR or IMU controllers on both feet as “bulky”, the subjects’ feedback was generally
positive. The “Infinity” foot controller developed by Bishay et al. [15] used two push
buttons in an insole under the toes to control the fingers of the prosthetic arm, along with a
sensor controller unit (SCU) to actuate a two-degree-of-freedom wrist actuation system in
the arm. This system relied on the big toe and four lesser toes to control the prosthetic arm
fingers in multiple grips, which was shown to be an easy and intuitive control method.

Commercial prostheses are often unaffordable, or inaccessible, to underprivileged
individuals (e.g., no health insurance, low incomes, warzone). In addition, each design
of a commercial arm has its own limitation. For example, the Hero Arm [31], which
is a lightweight, below-the-elbow prosthesis, lacks wrist flexion/extension and prona-
tion/supination movements. Commercial prostheses are also limited in terms of customiz-
ability, as they come in standard sizes, and with specific control systems. Some prostheses
also require inputs from a natural hand to adjust the orientation of the wrist manually.
Piazza et al. [32] presented a state-of-the-art review of artificial hands covering 106 years of
engineering (1912–2018). The review included some famous commercial prosthetic arms,
such as the Ottobock Michelangelo Hand [33], the i-Limb Quantum [34], the Open Bionics
Hero Arm [31], and the BeBionic hand [35]. They concluded that using new fabrication
technologies is opening the way to a reduced cost of production of artificial hands. Wendo
et al. [36] in 2022 presented a review on open-source 3D-printed upper limb prostheses, as
this new fabrication technology offers higher availability and accessibility and can produce
complex geometrical and highly customized products, which are essential features for
prostheses manufacturing. However, more work is needed to expedite the implementa-
tion of 3D-printed prostheses in clinical routines and their acceptance by the healthcare
providers community.

In this paper, a modified version of the Infinity foot controller that was originally
proposed in [15] is presented. The new features of this controller, named “Infinity-2”,
include a foot controller sleeve (FCS) that replaces the foot controller insole to enable a
more secured fit around the foot when the user is using the controller shoeless. In addition,
Bluetooth and Wi-Fi technologies are used in wireless data transmission, leading to high
response speeds from the prosthetic arm when the user makes an action with the foot
controller. Gradual control of finger deformation has also been achieved through a new
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control scheme. To demonstrate the capabilities of the foot controller, a new transradial
prosthetic arm prototype, named the “Persistence” arm, has been designed. Compared
to the Infinity arm reported in [15], this new arm includes a powerful direct drive wrist
actuation mechanism, a lightweight forearm core structure with generatively designed
mounts, a separate forearm outer shell, four three-digit forefingers that are actuated with
carbon-fiber ribbons connected to individual servomotors housed in the palm structure,
and a two-degree-of-freedom linkage-based thumb. The whole system has been tested in
various tests to prove that the design goals have been successfully achieved. The goal of the
whole proposed system is to give the user a simple, effective, reliable, and comfortable way
to control their below-the-elbow prosthetic arm utilizing the human’s natural connection
between the arms and feet.

The rest of the paper is organized as follows: The next section, Materials and Methods,
describes all features of the Infinity-2 foot controller, Persistence arm, and the manufactur-
ing and assembly of both. The Results section comes next with details on the performed
actuation and gripping tests. This is followed by a Discussion section, and then the paper
is concluded in the Conclusions section.

2. Materials and Methods

2.1. Infinity-2 Foot Controller Design

The Infinity-2 foot controller system is shown in Figure 1. It is a two-part system that
includes the Foot Controller Unit (FCU) and the Foot Controller Sleeve (FCS).

Figure 1. Infinity-2 foot controller system.

The FCU and FCS work together to control a below-the-elbow prosthetic arm that has
up to five fingers and two wrist degrees of freedom (DOF), namely wrist flexion/extension
and pronation/supination. The FCU contains a Seeeduino XIAO BLE nRF52840 Sense
microcontroller (Manufacturer: seeed studio, Shenzhen, China), a rechargeable 400 mAh
LiPo battery, an on/off switch, and a USB 3.1 Type C female connector. All these electronic
components are secured on the main mounting structure and covered by the outer shell,
as shown in Figure 1. The mounting structure and the outer shell are both made of 3D-
printed Polylactic Acid (PLA) material. The outer shell has an integrated clip to facilitate
attaching the FCU to the FCS, to the collar of a shoe, or to the cuff of a sock. The Seeeduino
microcontroller does not only have the 6 DOF Internal Measurement Unit (IMU), which
encases an accelerometer and a gyroscope, but it also has a Bluetooth antenna, a battery
charger, and a very fast processor to process the IMU data. With an embedded LED, this
microcontroller also lets the user know the charge level of the battery. The microcontroller
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processes all gyroscopic and accelerometer data, which is then sent to the prosthesis and
is used to actuate the wrist servomotors. The gyroscope measures the current position
of the user’s foot. When rotating the foot around the pitch axis (ankle dorsiflexion and
plantarflexion), the user can control the wrist extension and flexion, and when rotating
the foot around the roll axis (ankle inversion and eversion), the user can control the wrist
supination and pronation, as illustrated in Table 1. This allows the user to place their
prosthetic palm in multiple different positions for a better grip of objects with various
shapes and sizes. Rotation around the yaw axis (ankle abduction and adduction) is negated,
as it is used to re-center the device when walking detection is activated.

Table 1. Foot motions and resulting hand motions.

Foot
motion

Ankle
dorsiflexion

Ankle
plantarflexion

Ankle
inversion

Ankle
eversion

Big toe
press

Lesser toes
press

All toe
press

Resulting
hand

motion

Wrist
extension

Wrist
flexion

Wrist
supination

Wrist
pronation

Fingers
flexion

Fingers
extension Grip change

The FCS allows the user to gain finger actuation control as finger flexion and extension
in various grip patterns. The FCS consists of four layers, as shown in the exploded view in
Figure 2. The forefoot sleeve layer houses all electronics and is 3D-printed of Thermoplastic
Polyurethane (TPU), which is a flexible material, to allow the sleeve to deform around the
forefoot. This gives a custom fit for the FCS around the user’s foot, whether on a barefoot
or a sock, or inside a shoe. The sleeve layer is supported by a three-part support layer
underneath, which is 3D-printed of Acrylonitrile Butadiene Styrene (ABS) and has channels
for push buttons and wires. The button paddles layer is placed above the sleeve layer to
increase the surface area of the clickable regions under the tows that can push the buttons
placed under them.

This design distributes pressure across the button and its surrounding area, making
it easier to press successfully, even if the toes are not perfectly aligned with the button
position. The paddles layer is 3D-printed of TPU material. The top layer is made of felt
to give comfort to the user. The two push buttons are connected to the USB-C connector
through wires routed in the channels. An external USB-C cable is used to connect the FCS
to the FCU, as shown in Figure 1. The wiring diagram of the FCU and FCS is shown in
Figure A1 in Appendix A.

Each prosthetic arm and FCU have their own set of Universally Unique Identifiers
(UUIDs) that are used to pair the devices together. When the FCU is powered on, the
device follows the control flowchart shown in Figure 3. First it starts setting up its internal
Bluetooth UUID’s. Soon after, it enables Bluetooth discoverability. The device then waits
for a connection to be established. If the FCU manages to connect to a device, it then closes
Bluetooth discoverability, checks its battery level, then moves into a standby mode until
an action is done. If the IMU is triggered by motion, the gyroscope then calibrates itself
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to correctly assign its axes using the yaw axis as the neutral axis. It then checks if the
user is walking. If no walking is detected, the action that was done is then transmitted
to the prosthetic arm as a corresponding axis value. After checking the battery level, the
FCU also processes the button data that comes from the FCS. It checks if the buttons are
being pressed or held. If no button has been pressed, it keeps waiting for a button press.
If a button is pressed, the FCU goes to the walking detection check, followed by the data
transmission step to the prosthetic arm’s MAC address.

Figure 2. Foot controller sleeve (FCS) in exploded view.

 

Figure 3. FCU control flowchart.

To determine if the user is walking, the FCU goes through the process shown in
Figure 4. This process is done before any data is determined to be ready for transmission.
Once the IMU trigger has been determined, the IMU checks all gyroscope axes along with
all accelerometer values for all axes. If any two axes are both above their specified threshold
for both the gyroscope and accelerometer values, the user is determined to be walking with
the device. The threshold values can be adjusted for each user. Testing determined the
default values to be used for most users. The threshold was intentionally set to be more
sensitive, increasing the likelihood of false-positive walking detections rather than missing
actual walking. As a result, the FCU may occasionally classify the user as walking if they
rotate their ankle rapidly while attempting to control the wrist. The obtained threshold
values allowed different users to utilize the device and confidently walk without worrying
about the prosthetic arm actuating while walking.
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Figure 4. Walking detection system flowchart.

2.2. Persistence Arm

Figure 5 shows the full CAD assembly of the Persistence Arm. The palm contains
five lightweight digital servos that actuate the five fingers. The thumb has an additional
servomotor to add a second degree of freedom to the thumb actuation. The forearm contains
the wrist actuation mechanism as well as the electronics responsible for controlling and
supplying power to the arm. The wrist actuation system occupies 50% of the forearm length.

 

Figure 5. Full CAD assembly of Persistence arm.

The palm was designed to be as biomimetic as possible, taking inspiration from
the human hand. The shape, size, and proportions of the Persistence palm were made
to resemble an average-sized male hand. However, since the whole CAD model was
created parametrically, the size can be reduced to the average female hand size with some
adjustments, including reducing the number of forefinger servomotors from 4 to 3, coupling
the actuation of the ring and pinky fingers, since they move together in all programmed
grips. A similar coupling was done in [15]. The resizing of the CAD model would not
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affect the components that have standard sizes, such as the servomotors, and locations and
dimensions of mounting points. The assembly and exploded views of the palm with its
fingers can be seen in Figure 6. The palm has attachment points for each of the fingers. The
index, middle, ring, and pinky fingers are secured to the palm using M3 screws that are
threaded into heat-set inserts located in the palm. The thumb is attached to a dedicated
mount inside the palm, which has its own set of heat-set inserts and a rotating pin at
the bottom.

Figure 6. Persistence hand in exploded and assembled views.

The four forefingers are actuated using four KST A08N micro servomotors (stall torque:
3.2 kg.cm at 8.4 V; max. speed: 0.09 s/60◦; weight: 7 g; size: 23.5 × 8 × 19 mm). Each
servomotor has a spool connected to its shaft. As shown in Figure 7a, a flexible carbon fiber
tendon strip, from Carbitex (www.carbitex.com), is attached to each spool and is routed
through a special groove in the three finger phalanges. It is then attached to the distal
phalange with two retaining screws. When the servomotor operates, it turns its spool,
transferring the servomotor’s torque into a pulling force on the tendon strip to flex the
finger. All three phalanges of the finger move at the same time to close the finger. However,
the finger can take different shapes depending on the contour of the object it touches. This
compliant behavior enables the hand to grip objects of different shapes and sizes since each
finger can deform independently and surround the object in the closest possible way. If the
finger does not face any obstacles or objects to grip, it will close on itself. Hence, this design
allows for different grips and gestures to be realized by the prosthetic hand, mimicking the
human hand’s natural deformations.

The spool on the servomotor has a radius of 7 mm, which is big enough to pull the
carbon fiber strip just the right amount to fully close the finger. This is done with about
160◦ rotational movement of the spool by the servomotor. The phalanges of the finger
are attached to one another using screws connected to heat-set inserts embedded in the
phalanges. Guiding pins are assembled to the phalanges, as shown in Figure 7a, to guide
the carbon fiber tendon strip as it slides in its groove when finger flexion happens and
to reduce friction. Finger extension is achieved by the elastic band attached and routed
through the top side of the finger to allow the finger to fully return to a relaxed position
when the servomotor is set to an idle condition. The elastic bands have special channels
embedded in the phalanges that allow each band to conform around the finger when it
is actuated.

The Persistence arm’s thumb has a linkage-based design, different from the design of
the forefingers. This design, shown in Figure 7b, enables the thumb to have two degrees of
freedom: flexion/extension and abduction/adduction. The flexion/extension servomotor
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is a KST A08N housed inside the proximal phalange to actuate the middle and distal
phalanges via the linkage mechanism. The base of the proximal phalange is connected to
the palm, as shown in Figure 8. The base houses the abduction/adduction KST A12-610
servomotor (stall torque: 9 kg.cm at 8.4 V; max. speed: 0.10 s/60◦; weight: 20 g; size:
23 × 12 × 27 mm). The thumb base sits on a bearing and a pin inserted in a slot in the
palm structure at the location of the metacarpal. This enables the abduction/adduction
servomotor to rotate the thumb without friction up to 70◦.

(a) (b) 

Figure 7. Persistence arm fingers: (a) a forefinger, and (b) the thumb.

Figure 8. Thumb’s connection to the palm structure.

Persistence arm features two wrist degrees of freedom: wrist flexion/extension and
wrist pronation/supination. The assembly of the wrist actuation mechanism inside the fore-
arm is shown in Figure 9, with a transparent outer shell to show the internal components.
The design features a wrist mount that houses the wrist pronation/supination servomotor,
which is a 35 kg DS3235 servomotor (stall torque: 35 kg.cm at 7.4 V; max. speed: 0.11 s/60◦;
weight: 60 g; size: 40 × 20 × 38.5 mm). An aluminum bracket connects this servomo-
tor to the wrist flexion/extension servomotor, which is a dual bearing 35 kg RDS3235
servomotor (stall torque: 35 kg.cm at 8.4 V; max. speed: 0.11 s/60◦; weight: 60 g; size:
40 × 20 × 40 mm). Another aluminum bracket connects this servomotor to the palm
structure. This pant-tilt system allows the wrist to rotate 90◦ in both directions for a 180◦

range of pronation/supination and to tilt 30◦ degrees in both directions for a 60◦ range of
wrist flexion/extension.

The control system in the arm includes an ESP-WROOM-32 microcontroller (Man-
ufacturer: Espressif Systems, Shanghai, China), which receives all signals from the foot
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controller and actuates all servomotors in the arm. A 7.4 V LiPo battery powers all servo-
motors in the arm through a terminal block. The wiring diagram of the arm is shown in
Figure A2 in Appendix A.

 

Figure 9. Wrist actuation mechanism in Persistence arm assembled inside the forearm with transpar-
ent outer shell.

The Generative Design (GD) tool in Autodesk Fusion was used to design the wrist
mount shown in Figure 9. Based on defined preserve regions, obstacle regions, load
conditions, material parameters, and manufacturing methods, this tool runs a machine
learning (ML) algorithm to iteratively optimize the design. The GD algorithm follows a
process of generation, evaluation, and evolution, to optimize the design by reducing mass
and maximizing stiffness while still satisfying all defined initial conditions. Appendix B
gives more details on the process of creating this mount using the GD tool.

The electronics of the control system are all mounted on a 3D-printed PLA mount in
the upper part of the forearm, as shown in Figure 10. ESP-32 is mounted on one side, and
the terminal block is mounted on the other. The LiPo battery is placed beside the terminal
block. The outer shell of the arm, shown in Figure 5, Figure 9, and Figure 10, is perforated
to reduce weight and is made of two parts: the lower part, which surrounds the wrist
actuation mechanism, and the upper part, which surrounds the electronics mount. Both
parts are connected using four M3 screws that are also securing the wrist mount to the shell.
Three M2 alignment screws are also used to strengthen the connection of the upper and
lower parts of the forearm shell. Two access points are included in the outer shell. The first
is a small door in the lower part, as shown in Figures 5 and 9, and the second is a bigger
door in the upper part. The doors are connected to the main body of the shell using M2
screws. The shell is connected to the socket on the residual limb.

Figure 11 shows the Persistence arm’s control flowchart. When the arm is powered
on, the device checks all motor positions. If any motor is not in its default position, the
arm adjusts and resets the motor to bring it back to its default position. Default positions
for this arm are as shown in Figure 5: All fingers are fully open, and the wrist is straight
with the palm. At the same time, the arm is searching for its designated Foot Controller
Unit (FCU) to be paired with via UUID. As a safety measure, a second unique identifier is
also used in the pairing procedure to ensure the correct device has been connected. The
two devices need to match a password in order to establish a full connection. There is one
additional level of security that is built into the transmission. The payload messages have
a unique structure that is known to the arm. If the message does not match the structure
the arm is expecting, the arm will reject the message. Figure 12 shows the flowchart of the
security checks.
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Figure 10. Electronics mount in the upper part of the forearm with transparent outer shell (two sides).

 

Figure 11. Persistence arm control flowchart.

Figure 12. Security checks used in wireless communication between Persistence arm and Infinity-2
foot controller.

After all security checks have passed and the FCU has established a connection, the
arm can work as intended. When the raw gyroscope data is received from the FCU, the arm
processes this data and translates the received values to their corresponding movements.
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Both the roll and pitch values can be positive or negative. If the pitch value is positive,
the wrist extends; if it is negative, the wrist flexes. For pronation/supination, if the roll
value is positive, the wrist supinates; if it is negative, the wrist pronates. Both wrist
flexion/extension and wrist pronation/supination move at a speed of 2◦ per transmission.
Preliminary testing showed that this rate gives the user a good middle ground between
speed and precision and allows the user to gradually orient the prosthetic palm in the
user’s desired position.

Processed button data is sent by the FCU to the arm. When this data is received, the
arm performs a check before moving any fingers to find out what pose it is currently going
to do. The default starting pose is the “Power” pose. The user can cycle between the four
assigned poses by pressing both toe buttons simultaneously. The poses will cycle in the
following order: power, tripod, pinch, point. When the pose is identified, the arm moves
the appropriate fingers required by that specific pose. If the user presses the big toe button,
the arm gradually flexes the desired fingers by 5◦ for the four forefingers. The thumb
metacarpal will adduct by 1◦, while the thumb phalanges will flex by 2◦. If the user presses
the lesser toes button, all fingers extend, and the thumb abducts by the same rate used in
closing. This happens once for every single transmission received, allowing the user to
hold any of the two buttons down and move the fingers gradually, or get precise movement
by simply pressing any of the buttons to move the fingers by just one step to adjust the
grip strength to the desired amount. The arm remembers the exact position of each specific
finger even if the user switches to a different pose. When the fingers are actuated, all
servomotors involved in the selected pose will move gradually as long as the big toe button
is pressed. Once the button is released, the fingers stop immediately. If the user changes
the pose at this point and then presses the button again, only the servomotors for the
newly activated fingers will move, while the others remain in their last known positions
until reactivated. If the user then chooses to open the fingers from this new position, all
fingers will gradually open together, regardless of the pose. An example of this would be as
follows. The user begins with the Power grip, where all five fingers are to be actuated. The
fingers gradually close until they reach approximately 35% of their full actuation range. At
this point, the user realizes that the object can only be grasped using the tripod grip, which
involves the thumb, index, and middle fingers only. They switch to this pose and continue
closing these three fingers until they reach around 75%. Meanwhile, the ring and pinky
fingers remain at their last known position of 35%. When it is time to release the object, all
fingers, regardless of whether the pose is power or tripod, or whether their position was at
35% or 75% of their actuation range, will gradually open until fully extended. If the user
starts with a pinch grip (only thumb and index) and then after 40% actuation, switch to
power grip, all fingers will move with the same rate until they touch an object or reach
their full actuation range. However, in this case, the middle, ring, and pinky fingers will
start actuation from their fully extended position, whereas the thumb and index would
resume from their 40% actuated positions. Persistence arm can handle parallel processing
of the systems discussed: wrist flexion/extension, wrist pronation/supination, and finger
gripping. This means that if the user would like to close the fingers while also rotating the
wrist, the prosthesis will be able to process both commands and actuate the corresponding
servomotors simultaneously.

2.3. Manufacturing and Assembly

All structural components, such as finger phalanges, forearm outer shell, and forearm
electronics and wrist mounts, were first 3D-printed of PLA, then electronic components
were assembled. Only the palm was 3D-printed of ABS to prevent any possible overheating
of the forefingers’ servomotors from deforming their mounts in the palm structure, since
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ABS performs better in heat resistance scenarios than PLA (the glass transition temperatures
of ABS and PLA are 105 ◦C and 60 ◦C, respectively). Figure 13 shows the fully assembled
proof-of-concept model of the Persistence Arm. Each finger servomotor was secured in
its housing inside the 3D-printed palm via a system of heat inserts and screws. Heat
inserts were also embedded in all finger phalanges, and then screws were connected to
act as joints. 2 mm dia. brass pins were also secured in the fingers to act as guides for the
carbon fiber tendons that slide in the finger bottom channels during finger actuation. The
flexible Carbitex carbon fiber tendon sheet was cut into strips, and the strips were routed
through the fingers to the palm. Within the palm, they were attached to the spools of the
servomotors using clamps and screws. The elastic bands were also routed through the top
channel of the four forefingers to return the fingers to the neutral position when the fingers
are not actuated. The internal links of the thumb were first assembled separately and
connected to the flexion/extension servomotor. The thumb with its adduction/abduction
mount was then attached to the palm using a thrust ball bearing held in position using a
guide screw. Strips of rubber tape were bonded to the fingertips and palmer side of the
palm to give the hand additional grip friction.

 

Figure 13. Assembled proof-of-concept model of the Persistence arm.

The wrist actuation servomotors were also assembled and mounted to the generatively
designed wrist mount, as shown in Figure 14. The wrist mount and all other electronic
components were secured on the forearm core structure and covered with the forearm outer
shell. The assembled hand was then connected to the assembled forearm. The total weight of
Persistence Arm without a battery is 670 g. The arm with a battery installed weighs 820 g.

The FCS forefoot sleeve and button paddles layers were 3D-printed of TPU material.
The three-part support layer was 3D-printed of ABS to provide structural rigidity, and
the top felt layer was cut to size. The push buttons were placed snugly in their specified
pockets in the forefoot sleeve, and wires were routed through their guide channels and
connected to the USB-C connector. All layers were then bonded together using Loctite
superglue. The top felt layer gives the user a comfortable, soft feel when they put on the
device. Figure 15a shows the assembled foot controller system. A Velcro strap was used to
tighten the sleeve around the user’s foot securely. The manufactured FCS weighs 31.2 g.

The FCU’s outer shell and mounting structure were 3D-printed of PLA. All electrical
components were then secured on the mounting structure. Then the outer shell was placed
to cover and protect all components, as shown in Figure 15b. The outer shell’s integrated
clip is used to attach the FCU to the FCS, as shown in Figure 15a, or to the user’s shoe
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collar or sock cuff. The manufactured FCU weighs 51 g. The whole foot controller system,
including the short USB-C cable, weighs 96.4 g.

The manufacturing cost of Persistence Arm was $390 and that of the Infinity-2 foot
controller was $80. This does not include service charges for 3D-printing, and labor cost for
manufacturing and assembly.

 

Figure 14. Manufactured wrist actuation mechanism.

(a) (b) 

Figure 15. (a) Assembled foot controller system, (b) Foot controller unit (FCU).

2.4. Test Setup

To determine the wireless transmission speed between the foot controller to the arm’s
ESP32 microcontroller, the devices were connected to a computer via USB connection to
log transmission times between both devices using a developed MATLAB code (version
R2024a). The goal of the code was to record the time it takes for the arm to receive
commands from the controller. Data logging happened in 30 s intervals where all recorded
values were compared and averaged out to find the time delay of the device. The FCU had
200 data points and the time delay in all points was plotted (see Section 3.1).

To measure the operating speed of the arm’s ESP32 microcontroller when in use, a
code was implemented into the arm’s control code to log the time delay for each subsystem.
Excel Data Streamer was then used to record each trigger that was set in place by this
new code. The triggers were sent to Excel, and the time was taken when each trigger was
noticed. A start trigger was activated when the device received the transmission from
the FCU, and an end trigger was activated once the device finished its current action. For
example, if the FCU sent a command to close the fingers by one step, the start trigger would
be activated as soon as the message was received, and the end trigger would be activated
when the device finishes moving the fingers by one step. Using this method, the time delay
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for each wrist pronation/supination, wrist flexion/extension, and finger movement was
logged and plotted (see Section 3.1).

To measure the gripping force of the proof-of-concept Persistence hand, a BASELINE
digital hand dynamometer (Model: 12-0070, capacity: 136 kg, resolution: 0.045 kg, accuracy:
1% of full scale), shown in Figure 16a, was used. The hand was put in the power grip pose
and wrapped around the dynamometer to determine the grip strength.

 

(a) (b) 

Figure 16. (a) Grip force test, (b) Pulling force test.

To measure the pulling strength of the arm, an exercise handle was attached to a digital
scale (Brand and model: Dr. Meter ES-PS01 (Manufacturer: Dr. Meter, Newark, CA, USA),
capacity: 50 kg, resolution: 0.010 kg), and the arm was pulled to measure the maximum
pulling force, as shown in Figure 16b.

3. Results

3.1. Wireless Transmission Speed Tests

Figure 17 shows the time delay of all data points in the wireless transmission speed test.
The “transmissions” in the abscissa refers to the total number of acknowledged messages or
data packets successfully sent from one device to another. In this context, “acknowledged”
indicates that the receiving device has confirmed receipt of the message, ensuring reliable
communication between devices. This metric helps keep track of successful data exchanges
and evaluates the efficiency of the communication system. The average transmission delay
was 43.4 ms. Using Bluetooth and WiFi wireless transmission protocols proved that these
devices are fast enough to get an almost instant response time for the user.

 

Figure 17. Time delay in wireless transmission of data from the FCU to the prosthetic arm.

The delay in response time of wrist pronation/supination, wrist flexion/extension, and
finger movement are shown in Figures 18–20, respectively. Wrist pronation and supination
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(Figure 18), had average delays of 160.8 μs and 157.0 μs, respectively. Wrist flexion and
extension (Figure 19), had average delays of 141.8 and 149.4 μs, respectively. Any finger
movement (Figure 20) has a delay of 280.5 μs. These time delays are very short and prove
that the arm’s microprocessor can handle the current subsystems at adequate speeds.

 
Figure 18. Response time delay in wrist pronation/supination data.

Figure 19. Response time delay in wrist flexion/extension data.

 
Figure 20. Response time delay in finger actuation data.

3.2. Gripping Tests

The prosthetic arm can possibly perform different grips and gestures that the user
desires, but it comes pre-programmed with the five starting poses shown in Figure 21. The
user can cycle through the available poses using the FCS by pressing on both push buttons
at the same time.
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Figure 21. Default grips and gestures in Persistence Arm: Relaxed, pinch, tripod, point, and power.

To have a precise hand orientation adjustment around the object to be gripped, the
wrist actuation system enables wrist flexion/extension and pronation/supination in re-
sponse to the ankle inversion/eversion and dorsiflexion/plantarflexion motions, as demon-
strated in Figure 22. In addition, the partial actuation capability allows for more precise
control over the wrist orientation and finger actuation to take into consideration the shape
and fragility of the object being held. Figure 23 illustrates this feature using wrist supination
and power grip as examples.

 

Figure 22. Wrist flexion/extension and pronation/supination.

 

Figure 23. Partial actuation demonstration in wrist supination (top) and power grip (bottom).

Applying a grip force on the dynamometer has different dynamics than gripping reg-
ular household objects because the device requires applying force in one specific direction
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to measure the force. Despite this challenging requirement, the maximum grip force of the
prosthetic arm was found to be 2.8 kg (Figure 16a).

The pull strength test (Figure 16b) showed that the prosthetic fingers started to lose grip
at 12.7 kg, giving the prosthesis a maximum vertical holding weight of 12.7 kg. A similar
test was performed with just the wrist. In this test, the wrist showed a maximum holding
weight of 40.8 kg before the servomotors started to show mechanical failure. In all the tests
performed above, mechanical failure of the servomotors was experienced before structural
failure of the 3D-printed parts in the arm.

Figure 24 shows Persistence arm gripping different household objects of different
shapes, weights, and sizes using power, tripod, and pinch grips. The gripped objects
include a hand tool, a Dremel tool, tape rolls of different sizes, plastic cups, empty and full
bottles, a screwdriver, an apple, a rubber ball, a wireless computer mouse, a pencil, a small
superglue bottle, a USB flash drive, and various 3D-printed objects. Video S1 shows the
Persistence arm in action gripping various objects.

 

Figure 24. Persistence arm gripping different objects of various shapes, weights, and sizes.

4. Discussion

The Persistence arm has a lot of attractive features. The fact that most structural
components are 3D-printed makes it easy for users to replace any part or change the color
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or material of any component. The flexible carbon-fiber tendons led to a relatively higher
grip strength from the fingers. The thumb has two degrees of freedom, leading to a more
dexterous gripping capability. The response time delay in actuating all servomotors is
very low, as shown in Figures 18–20. However, like any other prosthetic arm design,
Persistence arm has some limitations. The arm is suitable for performing daily tasks like
gripping various household items and showing specific gestures. The arm is not meant to
be used for athletic activities or for carrying heavy weights. The arm is not waterproof, so it
cannot operate underwater. A flexible covering of the arm, like the one used on LUKE arm
(https://mobiusbionics.com/luke-arm/, accessed on 17 February 2025), is a possible design
extension. The arm is also not meant to be used at elevated temperatures. The maximum
service temperature of PLA material is around 50 ◦C, beyond which the PLA components
might start to deform. This service temperature can be increased if another material with
higher thermal resistance, such as ABS, is used for all parts. The Persistence arm has two
wrist degrees of freedom, which are flexion/extension and pronation/supination. However,
the radial/ulnar deviation degree of freedom was not considered given its relative low
importance compared to the other two wrist degrees of freedom. For users with a long
residual limb below the elbow, the whole forearm can be replaced by a shorter version that
only includes the essential electronic components, without the wrist actuation mechanism
to accommodate for the long residual limb.

Like any other electronic device, the batteries in the arm and the foot controller need
to be charged. The estimated approximate operation time with a single full charge of
each battery can be estimated as battery capacity (Ah)/current draw (A). For the arm,
each finger servomotor draws 0.2 A, except the thumb abduction/adduction KST A12-610
servomotor that draws 1.2 A. Each of the two wrist servomotors draws 2.3 A. This current
draw happens when the servomotors are applying the maximum torque they can apply.
The arm’s 7.4 V LiPo battery has a maximum charge of 5 Ah. If all hand servomotors are
actuated to apply the maximum force, while the wrist servomotors are not experiencing
any load, the estimated battery life would be 2.27 h (136 min) of constant maximum grip
force. In the rare situation that all wrist and hand servomotors are applying their maximum
force continuously, the estimated battery life would go down to 0.74 h (44 min). If the
servomotors are not continuously experiencing force on them to apply their maximum
torque, the current draw would be much smaller, leading to much higher battery life
(8–12 h). As for the foot controller, the device draws a maximum current of 20 mA when in
use and transmitting. When not in use, the current draw is only 9 mA. The battery capacity
of the foot controller is 400 mAh. Hence, when in continuous use, the battery life would
be 20 h, and when idle, the battery life would be 44 h, approximately. Although for many
users a full charge of each battery would be enough for a single day usage, having a second
battery for the arm and the foot controller would ensure that the user can spend a long day
with continuous usage of the arm. Replacing the batteries is a simple task that would take
a single-handed adult only a few minutes to be done.

Persistence arm’s finger design includes three joints per finger actuated with one
servomotor, so it is an underactuated mechanism. This gives it the compliance feature,
enabling the hand to be adaptive to the shape of the object being gripped. Eliminating
the distal interphalangeal (DIP) joint, and replacing the distal and middle phalanges with
one pre-deformed distal-middle phalange, like the one used in Infinity arm’s fingers [15],
would lead to a stiffer finger design.

A recent review paper by Siegel et al. [37] showed that there is a lack of standardization
in upper-limb prostheses testing, and that developers often use custom, study-specific tests
to validate their novel devices. Clinical settings and research laboratories differ in their time
constraints, access to specialized equipment, and testing objectives. Testing of the proposed
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system was done to assess the performance of the manufactured prototypes focusing on
specific engineering aspects. Further tests will be performed in the future, focusing on
the standard outcome measures [38], such as the Box and Block (BB) test, University of
New Brunswick (UNB) skill and spontaneity tests, Activities Measure for Upper Limb
Amputation (AM-ULA) test, Upper Extremity Functional Scale (UEFS) tests, and the
Patient-Specific Functional Scale (PSFS) tests, following the works of Resnik et al. [39–41].

The Infinity-2 foot controller also came with new features, compared to the first design
reported in [15]. The speed of wireless transmission is extremely high as was shown in
Figure 17, thanks to the Bluetooth and Wi-Fi technology enabled in the used microcontroller.
The controller can be worn comfortably inside a shoe, on a sock, or barefoot. The controller
enables using the toes to fully control the prosthetic arm fingers and simple ankle motions
to control wrist actuation. Unlike many other previously documented prostheses’ control
systems, the proposed controller allows for gradual finger actuation rather than an on/off
arrangement. Gradual control of fingers and wrist servomotors enable the user to orient
the hand properly around the object being gripped and adjust the grip force precisely to
match the weight and structure of the object. This would prevent crushing fragile objects or
slippage of smooth or heavy objects. It is known that myoelectric prosthetic hand users have
difficulty with, and frequently avoid, grasping fragile objects with their prosthesis [42]. This
required Fishel et al. [42] to develop a contact detection reflex system that was integrated
into a commercial myoelectric prosthetic hand to adjust the gripping force automatically
upon contacting fragile objects. However, such a solution is still depriving the user of fully
controlling the grip of the arm. Users might still want to be capable of applying larger
gripping forces on some objects than what a reflex system would allow, i.e., to reshape a
deformable item or to intentionally crush a plastic cup. Only a system that gives the user
full control over the applied gripping force, like the proposed system, could enable that.
The controller also offers cycling between different grips and gestures. Preliminary testing
done by the developers showed that learning how to use such a controller is significantly
easy, requiring a natural toe dexterity. With 15–30 min of practice in the first use, users
can be proficient in using the controller. Previous foot controller developers, such as
Carrozza et al. [26,27], have also reported ease of adaptation and learning. The controller is
independent of the presence of muscles in the residual limb.

Preliminary tests showed that some individuals can significantly increase the chances
of success in pressing on the buttons if they raise the big toe slightly up when pressing with
the lesser toes and raise the lesser toes slightly up when pressing with the big toe, as shown
in Figure 25a. Other individuals preferred to slightly turn the whole foot (inversion or
eversion) to press on the left or the right panel, as shown in Figure 25b. Only these simple
toe articulations are needed to have full control over the gradual finger deformation.

(a) (b) 

Figure 25. Toe articulations needed to perform finger opening and closing actuations: (a) option 1,
(b) option 2.

This controller, however, still has some limitations. First, the user should have at least
one functioning foot with the ability to move the ankle and the toes (ankle and toe mobility).
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Being waterproof was not one of the main goals of the current iteration. However, sealing
the FCU and the electronics on the FCS will be a future design extension. The controller has
a walking detection system that would freeze the arm during walking. So, the controller
can be used only while standing or sitting. A dual control approach can be developed to
enable voice control, for example, to control the arm while walking, if there is a need for
such a capability. A similar dual control was presented in [9,10]. The code of the proposed
foot controller can be easily adjusted to control other prosthetic arms on the market if
communication protocols are established between the arm and the controller.

5. Conclusions

Controlling prosthetic arms with foot controllers could be a promising alternative
control method to EMG controllers that have a lot of drawbacks, resulting in a high
abundance rates of upper limb prostheses. The Infinity-2 foot controller proposed in
this work can be used even barefoot because of the new sleeve design that secures the
controller around the forefoot. The wireless transmission between the foot controller and
the prosthetic arm happens in a fraction of a second, giving almost an immediate effect.
The controller can fully control a five-finger prosthetic arm equipped with a two-degree-
of-freedom wrist actuation system. It offers gradual control of the fingers to adjust the
gripping force based on the fragility, texture, and weight of the object to be gripped. Various
grips and gestures that actuate specific groups of fingers can also be performed. Preliminary
tests by the developers showed that the system is intuitive, and that training time needed to
use the system comfortably is short for most individuals, making it an attractive prosthetic
arm control method that does not rely on any remaining muscles in the residual limb. It
could also be used by individuals who put on temporary casts after breaking their wrists.

The Persistence arm is a new addition to the transradial 3D-printed prosthetic arm
designs that can be used to perform average household daily tasks. It features a two-
degree-of-freedom wrist actuation mechanism, and a hand with five fingers individually
actuated. The three-phalange underactuated forefinger design and the two-degree-of-
freedom linkage-based thumb gave the hand an adaptive performance similar to that of
a human hand. Preliminary testing in the current study proved the effectiveness of the
proposed designs, offering new alternatives to prosthetic arm users for higher quality of
life beyond the trauma of missing the functionality of the human arm.

6. Patents

Utility Patent Application Number: 18/648726, Filing date: 4/29/2024. Title: “Foot
Controller for Prosthetic Arms, Their Methods of Production and Use” (Inventors: Peter L.
Bishay and Jack Wilgus).
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www.mdpi.com/article/10.3390/technologies13030098/s1, Video S1: Persistence Arm with Infinity-2
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Author Contributions: Conceptualization, P.L.B.; methodology, all authors; software, all authors;
validation, P.L.B., G.F.A. and I.S.; formal analysis, P.L.B., G.F.A. and I.S.; investigation, all authors;
resources, P.L.B.; data curation, P.L.B., G.F.A. and I.S.; writing—original draft preparation, P.L.B.,
G.F.A. and I.S.; writing—review and editing, P.L.B.; visualization, P.L.B., G.F.A. and I.S.; supervision,
P.L.B.; project administration, P.L.B., G.F.A. and I.S.; funding acquisition, P.L.B. All authors have read
and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Ethical review and approval were waived by the CSUN
IRB for this study since the preliminary testing was determined not to be human subjects research.



Technologies 2025, 13, 98 22 of 25

No human subjects outside the research team were involved in the preliminary testing of the pro-
posed system.

Informed Consent Statement: Not Applicable.

Data Availability Statement: The data presented in this study is available on request from the
corresponding author.

Acknowledgments: This work was performed by the seventh cohort of the “Smart Prosthetics”
research-based senior design project at California State University, Northridge (CSUN). The authors
acknowledge the Mechanical Engineering Department, the Instructionally Related Activities (IRA)
grant, and the Student Travel and Academic Research (STAR) program at CSUN.

Conflicts of Interest: The authors declare no conflicts of interest.

Appendix A

The wiring diagram of the foot controller sleeve and unit is shown in Figure A1,
whereas the Persistence arm’s wiring diagram is shown in Figure A2.

 
Figure A1. Wiring diagram for FCU and FCS.

 

Figure A2. Wiring diagram for Persistence Arm.
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Appendix B

The starting shape of the wrist servo mount, shown in Figure A3a, was used in the
generative design study. This geometry was reduced to better represent the load conditions.
Using a starting shape was an optional step, taken to reduce the number of iterations. Since
the main goal of the part was to provide a good mount for the pan-tilt wrist actuation
system, the reduced shape was then used to divide the part into different regions. These
regions are divided into two categories: preserve regions, where the GD part would connect
to the shell of the arm (shown in green in Figure A3b), and obstacle regions, which leave
room for both the servo motor to connect and wires to be run through (shown in red in the
figure). The load conditions featured an axial load of 180 N in the respective −Z direction
distributed among the top screw holes and another 180 N in the respective +Z direction. It
also featured a 30 N load upon the side connection to the shell in the respective +Y direction,
as well as a mirrored 30 N load upon the other side connection. These values simulated a
scenario in which the arm was oriented perpendicular to the ground, and holding 180 N
weight. To better represent the strength of the material, the study utilized a custom material
profile of Bambu ABS filament with 15% gyroid infill. The profile used tensile strength,
yield strength, density, and Young’s modulus values that were experimentally determined
utilizing a modified ASTM D638 test. The manufacturing method was set to additive
manufacturing in the +Z direction and with an overhang angle of 45◦. Finally, the goal of
the study was set to minimize mass, and a minimum factor of safety of 3.0 was specified.
The generated design is shown in Figure A3c. The part was then printed on a Bambu P1P
printer with the same settings as the ASTM D638 test coupons.

  
(a) (b) (c) 

Figure A3. (a) Starting shape of the wrist servo mount with reduced geometry, (b) GD model with
preserve (green) and obstacle (red) regions, (c) Generated design of the mount.
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