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INTRODUCTION
Commercially used prostheses are essentially open-loop devices and provide little or no feedback
to the amputee as to how much force they exerting with the terminal device, despite numerous
attempts to provide closed loop control in prosthetics [1]. Providing pressure feedback clearly
has great value for function of the prosthesis—the goal is for the amputee to ‘feel’ what they are
holding. Indirect pressure feedback has been attempted by methods including vibration [2] and
functional electrical stimulation [3, 4]. The information contained in these forms of feedback is
not in the same modality as that which they sense. As a result, while providing information to the
user, it is likely that it comes at the cost of increased mental load and low level of information
transfer [5]. Patterson and Katz [6] have obtained better qualitative feedback with pressure to
pressure feedback than with pressure to vibratory or electrical stimulation feedback, offering
support for this suggestion. An adaptive process is still involved since the subject must learn to
associate pressure in one area with pressure in another area. Ideally, the sensory nerve endings of
the amputated area need to be stimulated in direct correlation to the function of the prosthesis.
The recent work of Kuiken [7] has made this concept feasible by the use of targeted
reinnervation. The potential thus exists for the subject to feel as if touch, pressure and even hot
or cold temperatures are being exerted on their hand. This study will examine the potential of
intuitive pressure feedback.
SETUP
Nerve Transfers
Using targeted hyper-reinnervation to transfer nerves from a lost limb to denervated muscle as
shown in Figure 1a, sensation of the lost limb was achieved on the chest of a subject [8]. Four
independently controlled nerve-muscle units were created by surgically anastomosing residual
brachial plexus nerves to dissected and divided aspects of the pectoralis major and minor
muscles. Sensory reinnervation also occurred on the chest in an area where the subcutaneous fat
was removed.

a

b

Figure 1: Somatic Representation of Nerve Transfer
a)

Diagram of nerve-muscle graft procedure

b) Diagram of sensory reinnervation of anterior chest wall indication where touching the skin surface
produced sensation in his phantom arm.
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As a result of this surgery, the subject perceived touch, sharp/dull and temperature sensation that
he felt in his phantom limb when pin pricks or thermal changes were applied to the chest, as
shown in Figure 1b. A representation was acknowledged: pushing in one area elicited perceived
pressure in the palm of the hand, in another area on the back of the hand, and so on. In some
areas the patient had low sensory thresholds (2 g/mm2) that he felt in his phantom arm. In other
areas, while the subject perceived light touch on his chest, with greater pressure he only felt
sensation in his phantom arm. We believe in these cases that the skin was not reinnervated, but
added pressure stimulated nerves directly under the skin.
Actuator Selection
For the shoulder disarticulation subject tested in this experiment, nerves were transferred to the
pectoral region of the chest for large signal amplification. In order to achieve physiologically
appropriate force feedback, an accurate force must be exerted against the chest. Because the
chest moves with breathing, this matter becomes more complicated: an accurate force is desired,
but the force must track the changing position of the chest. A traditional motor would be able to
accomplish this goal to some extent, but as the subject breathed, they would feel the inertia of the
load on their chest. A linear backdrivable Series Elastic Actuator (SEA) [9-11] was created to
decouple the inertia of the actuator from the force of the actuator. SEA are force controllable
actuators with low impedance, high fidelity, and moderate bandwidth. They convert the accurate
position control of traditional DC motors to accurate force control through the use of a spring as
shown in Figure 2a. They have several advantageous properties, including reliable force output,
simplicity, robustness of design, and the use of traditional robotic actuators. Most importantly for
this experiment, the compliant spring greatly decouples inertia from force, especially at higher
frequencies where inertia dominates the response. The authors significantly modified the
traditional concept of linear SEA by using a 0-10 lb load cell in series with the spring, rather than
a linear potentiometer in parallel with the spring, to measure output force, as illustrated in Figure
2b. Although linear potentiometers have historically been used in SEA, they cannot compensate
for the inherent and substantial friction present in linear actuators. As a result, placing the
pressure sensor in series with the spring provided more responsive and accurate control of linear
SEA. The actuator applied pressure over an area of 103 mm2.

Figure 2: Series Elastic Actuator Schematics
a) shows a traditional linear Series Elastic Actuator, where a linear potentiometer measures compression of the
spring.
b) shows the linear Series Elastic Actuator used in this experiment, where a load cell was placed in series with the
spring to correctly discriminate between stiction and applied forces.
In either method, the motor generates accurate position. This position is fed through a compression spring, which
converts the accurate position into an accurate force. The force recorded by either method is compared to the desired
force. The error between the two signals is sent to a control block. In this example, the control block multiplies the
error signal by a gain (K) and the derivative of the error by another gain (D) and sends this signal to the motor to
correct the output force.

A load cell in the tip of an Otto Bock Greifer was instrumented with a 0-50 lb load cell. The
maximum force of the Greifer was scaled to 1. This range was nonlinearly scaled to increase
force resolution for small pressures, as illustrated in Figure 3. The scaled force was then linearly
scaled between the subject’s threshold of perception and threshold of discomfort.
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Figure 3: Hand Pressure to Chest Pressure Scaling
Terminal Device pressure was scaled from 0:1, and then nonlinearly amplified to amplify small pressure differences
and attenuate large pressure differences. Finally, the pressure was scaled between the perception threshold of the
subject and the discomfort threshold of the subject.

In preliminary testing the actuator was located in area 1 of Figure 1b. However, the close
proximity of the actuator to EMG sensors prevented the subject from perceiving pressure
gradation when he tensed his muscles to move the prosthetic arm. The SEA was moved to a
more lateral area adjacent to areas 2 and 5 in Figure 1b that corresponded to a localized area the
size of a pen cap between the 4th and 4th metacarpals of the subject. This allowed the subject to
perceive pressure gradation while actuating his prosthesis.
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Figure 4: Series Elastic Actuator
a) Linear Series Elastic Actuator pushes against subject’s chest
b) Close up view of the actuator.
c) Box and Egg test setup: Subject moves eggs from one partition to the other

PRESSURE GRADATION RESULTS
The subject was asked to discriminate between a series of pressure ranges. For each range, the
pressure was set at the threshold of perception, then increased to one level, reduced back to the
threshold of perception, and then increased to the second level. This was repeated 8 times for
each pressure range, as the probability of correctly guessing 7/8 trials of a binomial test are less
than 5%. Selection of the pressure range was an iterative procedure in an attempt to accurately
find the discrimination threshold.
This same test was done while the subject’s EMG exertion determined the feedback pressure.
A threshold would appear on the screen, and the subject would be required to exert enough force
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on his terminal device to reach that level of pressure. After relaxing his grip, another force level
would be shown, and the subject would then have to determine which force level had been
higher.
Slightly above the threshold of perception, at 1.7 g/mm2 pressure (0.4 lb force), the subject
could discriminate 0.65 g/mm2. In the middle of the force range at 4.4 g/mm2 pressure, the
subject’s pressure discrimination improved to 0.48 g/mm2. Near the discomfort threshold at 6.6
g/mm2 pressure, the subject could discriminate 0.52 g/mm2.
When the subject controlled the force, at 3.6 g/mm2 pressure, the subject could discriminate
1.5 g/mm2. The subject-generated force test was not ideal, in that the subject was able to relax
once he had achieved the correct force in order to sense it. The subject did not appear to exploit
this potential advantage. Using proportional force control instead of proportional velocity control
will solve that problem in the future.
IN PURSUIT OF AN OBJECTIVE METRIC: THE BOX & EGG TEST
An objective performance metric was desired to evaluate the usefulness of this feedback
paradigm. To accomplish this objective, a clinically accepted performance metric, the Box and
Block test [12], was modified. Instead of moving blocks, eggs were moved. If the subject applied
too much force, the egg would crack. If the subject did not apply sufficient force, the egg would
drop and crack. The subject was directed to transfer as many intact eggs as possible from one
partition to the other in 2 minutes. The setup is shown in Figure 4c.
Three control paradigms were tested. The first paradigm, while maintaining a constant force
at the level of perception while the subject breathed, did not provide force feedback. The second
control provided traditional pressure feedback on the side of the chest that had not been
reinervated. Finally, the third paradigm provided force feedback in the area of the chest that
corresponded to the phantom hand.
Several mechanical limitations of the feedback system were identified through the Box and
Egg test. While these limitations prevented objective conclusions from being made regarding the
performance of various forms of feedback, the limitations did provide insight into improvement
of the overall feedback system, including:
• The subject does not appear to have proportional control of his terminal device. He uses
short bursts, rather than low levels, to move his hand small distances. As a result, he was
unable to lightly grip the egg. In the future, he will be given a proportional position
control paradigm to train on at home, which requires the same type of control from the
user as proportional force control.
• The terminal device used velocity control, as opposed to force control. This makes light
grasp of an egg very difficult. Future experiments will use the Otto Bock Sensor hand to
provide proportional force control once an object is grasped.
• The single location of the load cell in the terminal device prohibited accurate force
representation if eggs were grasped with a different portion of the terminal device.
Depending on the placement of the egg, recorded forces ranged from 0.1 lbs to 10 lbs for
the same level of exertion. The Sensor Hand, which uses a strain gauge in a parallel
linkage, should alleviate this problem as well, providing accurate force feedback no
matter where on the terminal device the egg is grasped.
The box & egg test itself, however, appeared to be a good test, in that the subject usually
dropped and cracked an egg for no feedback. The authors anticipate that this test will provide a
useful metric once the above mentioned problems are corrected. The subject did not feel that
breathing disrupted his perception of force for these tasks. When the subject was given various
scale weights, he subjectively assessed the inertia of the actuator as equivalent to that of a 50g
mass.
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DISCUSSION & FUTURE WORK
Nerve transfer surgery, foundational to the work described in this paper, has provided the
unique potential of various forms of feedback that accurately correspond to the phantom limb of
the user. The authors have demonstrated that a series elastic actuator provides adequate force
resolution with low inertia for pressure feedback. Initial results indicate that adequate sensory
feedback exists to provide physiologically appropriate feedback.
In future designs, the subject would appreciate less pinpoint accuracy feedback to his
perceived phantom limb. In order to achieve this with pressure gradation (ie, not hitting a nerve),
it may be necessary to pinpoint several areas on his chest in order to give a more global reading
on his phantom hand. Future experiments will take advantage of improved functional
characteristics of the terminal device in an attempt to objectively evaluate potential advantages
of this novel form of phantom limb feedback.
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