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Abstract. Recent developments and results of biomedical engineering and technology
offer to the specialists a reasonable hope that the realization of artificial arms with complex
performances and almost identical behavior with the amputated hands will be soon possible.
The research presented in this paper is oriented in this direction. The paper presents the
functional scheme and the experimental implementation of an artificial hand with sensorial
interface. The main novelty of the research described here is the introduction of the matrix
of sensors and actuators, that is implemented on the myolectric prosthesis. This architecture
offers a sensorial feedback to the patient, when handling various objects. Implementation of
tactile feedback on the myoelectric prosthesis restore significant capabilities in the case of the
persons with forearm amputation that use this type of artificial hand. The patients that tested
the prosthesis were able to perform complex movements; various experiments confirmed that
the feedback mechanisms helped them to develop a cerebral automatism for usual movements
and to respond in real time to various external stimuli.

Key-words: Biomedical electronics, Biomedical transducers, Electromechanical sen-
sors, Electromyography, Feedback circuits, Force feedback, Force sensors, Haptic interfaces,
Negative feedback, Neurofeedback, Neuromuscular stimulation, Sensory aids.

1. Introduction
Recent statistic studies report that in the last 10 years the number of persons all over the

world who have suffered amputations of the hands or arms is increasing. This is due both to the
high number of accidents and injuries as to the large number of diseases that lead to amputation
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(diabetes, peripheral vascular diseases, bone cancer, birth malformations, etc.). Patients with
amputated hands are facing serious difficulties in finding a job in order to reintegrate into society
and are often dependent on the financial support from family and the state government.

The dimension of the phenomenon can be grasped from the following statistic data. Accord-
ing to Advanced Amputee Solutions LLC [1] it is estimated that ”there are more than 1 million
annual limb amputations globally – one every 30 seconds”. World Health Organization and the
International Society for Prosthetics and Orthotics estimate between 0.5 percent and 0.8 per-
cent of global populations have at least a limb amputated [2], that means between 35 and 56
millions peoples. In the U.S.A. the number of people with amputations was estimated in 2010
to 2,000,000 and adding a total of 185,000 annually [1], 20% of them are upper limb amputa-
tions [3]. Advanced Amputee Solutions LLC [1] estimates that in 2050, in the U.S. only there
will be 3,6 million of people with a limb loss. In 2008, in Australia were reported 408 cases of
patients that suffered amputation surgery for upper limbs [4]. In 2007, in the UK, the number
of persons with upper limb amputations was estimated at 11,000 (with an annual growing rate
of 200) [4] and [5]. In Romania, according to main official source, (National Organization of
Disabled People in Romania) there are 55,000 persons with amputations of the arms and hands,
the annual growing rate being estimated to be of 450 people [6].

Statistics mentioned above explain why there is such a great interest, internationally, for both
design and implementation of artificial hands. The number of research projects, scientific papers,
studies and reports published in dedicated journals or general scientific journals is continuously
increasing. Despite all efforts and technological achievements, artificial hands available on the
market do not offer an ultimate and not even appropriate solution for most patients. Prosthetic
devices on the market are mainly of two types: myolelectric artificial hands/arms and neural
artificial hands/arms, the difference coming from the type of command, as explained further.

On one hand, myoelectric prosthesis on the market do not offer patients the possibility to
develop complex movements (similar to those of a healthy natural hand); in particular, they
do not implement any mechanism that could make the patient able to respond in real time to
various external stimuli. On the other hand, artificial hands/arms with neural control provide
patients some extra performance, but their high cost (compared to myoelectric ones) makes them
inaccessible for most patients [7] and [8].

2. State of the art
The spectacular technological development in recent years has made it possible to achieve

significant progress in the field of artificial hands. Collective efforts of many researchers in
areas such as neuroscience, virtual reality, robotics, materials science, neurology increases the
performances of artificial hands that are put on the market.

Currently the most advanced artificial hands have got to be made from carbon fibers to be
lightweight and durable [9] but they have no more than 15 degrees of freedom (a healthy hand
has 30). They have shown significant progress in terms of stump mounting: the bone implant
abutment [10], detachable connection system [11] or magnetic mounting [12].

Although the number of functions that hand prostheses gives to patients is increasing, the
movement range and complexity is quite low compared to the movements made by a healthy
hand. The most performant artificial hand available on the market offers just 14 predefined
movements that must be preset by the user.

To provide greater efficiency in patient control over prostheses, some researchers pursue the
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conjugated collection and processing of several categories of bio-signals for controlling hand ar-
tificial: neural signals from the motor cortex, neural signals from the nerve fibers of the peripheral
nervous system, intramuscular and surface myoelectric signals [13] and [14].

However, one of the main limitations of artificial hands/arms with myoelectric command is
the lack of feedback that would be useful both for control and adjustment of the dynamic force
exerted and also for the development of new reflexes in patients. Theoretically, the artificial hands
with neural control could implement this feedback easily. However, even the best prosthesis
available nowadays on the market, those that are equipped with intelligent interfaces and sensory
functions, do not have these feedback functions.

Finding solutions to overcome this limitation is one of the main research directions now. The
experimental model we designed differs from prostheses that are currently on the market because
of included pressure sensors deployed on the knuckles and the biofeedback system architecture.
This difference gives the patient the benefit of a more efficient interactions through artificial hand
with a dynamic and complex environment.

The most important paper contibution is how to design and implement non-invasive tactile
feedback function in a myoelectric controlled prosthesis. The resulted architecture includes an
array of pressure sensors, placed at each phalanx of the prosthesis, a processing module, a control
interface, haptic actuators placed in key locations on the patient’s amputation stump. In this way,
the patient feels, by specific vibrations, distinct touch sensations when he acts with the artificial
hand over objects.

3. The prosthesis’ arhitecture
The experimental model of an myoelectric prosthesis presented in this paper was realised

using only noninvasive devices (surface EMG electrodes and surface haptic transducers). It of-
fers the advantages of easy debugging, measurements, tests and experiments. The noninvasive
equipment also fits into the personal demand of most patients with amputated hands, that would
prefer to use non-invasive devices and procedures, avoiding any new surgery interventions, that
could lead to new pain and medi-cal problems. An important requirement and goal of the hand
prosthesis design was that the patient should be able to move each finger independently. For the
command of each finger, signals gathered from the amputation stump are used. The design and
implementation of all component blocks took into account this condition.

In Figure 1 is shown the functional block scheme of the artificial hand with feedback func-
tions:

The main blocks of the artificial hand are:

– the input block, that collects the myoelectric surface signals (sEMG)

– the signal processing block,

– the control unit of the whole system

– the pressure sensors block

– the actuators control block

– the haptic stimulation block.
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Fig. 1. The functional scheme of the prosthesis.

4. Experimental model implementattion

The mechanical structure of the prosthesis experimental model was made of lightweight plas-
tic elements connected by springs to reduce the number of servomotors for the movements con-
trol.

The input stage responsible with the acquisition of sEMG signals (Myoelectric signal input
block) was realized using SX230 surface type active electrodes [15], with incorporated pream-
plifier and prefiltration elements. Using these electrodes, the EMG signal processing circuit was
considerably simplified.

The conversion of analog signals into digital signals is made by double alternance precision
recovery using ZXCT1041 specialized integrated circuit [16]. After precision recovery in the
Central Unit, the analog signals are converted to digital signals using an internal 10-bit ADC.
The result of the conversion is the actual data set extracted from the collected sEMG signals
(corresponding to myoelectric electrodes).

The command and control unit uses an ATmega2560 controller. The data set is analyzed and
processed, and subsequently are compared with with predefined patterns of sEMG signals that
are stored in the microcontroller’s nonvolatile memory.

Finally, to achieve artificial hand movements, i.e. movements of the mobile elements, for
each finger the scheme includes PWM controlled actuators (at a frequency of 50 Hz / 20ms).
The PWM pulse duty cycle determines the angle of rotation of the actuator, between 0 and 180
degrees.

The artificial hand was equipped with a sensory interface consisting of 14 pressure sensors,
one on each phalanx. The pressure sensors (CZN-CP6) are resistive sensors, with linear variation,
inversely proportional to the applied force. The signals from these sensors, amplified by the
operational amplifiers, are then processed in the Pressure sensors block and then transmitted to
the Central Unit. The level of pressure on the objects handled by the patient with the prosthesis
is evaluated in the Central Unit.

5. Design of the sensory and haptic interfaces
In order to provide an efficient haptic feedback from the prosthesis to patient, pressure sen-

sors was placed on ventral side of prosthesis phalanges and haptic actuators was placed on the
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patient’s stump.
In Figure 2 the matrix of prosthesis’ sensors is shown; it illustrates also the functional testing

of the sensors: the monitor in the background displays the levels of the signals generated by the
sensors.

Fig. 2. Sensory interface tests.

The haptic block consists of five haptic rotative actuators that are placed on the patient’s
stump. They are placed on the stump above the flexor muscles usi ng an armband and occupy
about 40% of the circumference of the forearm, to allow the patient to identify more clearly the
significance of tactile stimuli on the five artificial fingers.

Fig. 3. Haptic block consisting of five rotative tactile actuators fitted on the patient’s stump.

The haptic actuators transmit tactile information about the force applied on the artificial hand
phalanges (measured by pressure sensors) and the patient can actually feel and ”translat” this
information. Depending on the signals received from the pressure sensors, the processing unit
commands, through the haptic drivers, the vibration types to be applied on the stump.

The patient will sense and interpret this vibration as the level of contact pressure between the
handle object and a specific finger.
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6. Feedback functions’ implementation
The prosthesis’ manipulation is based on three different levels of feedback: local/automatic,

visual and haptic. All these feedback levels were partly implemented in the artificial hand archi-
tecture (Figure 1) and partly assured by the patient.

The first level of feedback, was designed to reduce the risk to damage the fragile objects
manipulated or that of actuator damage due to the development of very large driving forces. At
this first level, the force to be applied to the manipulated object is determined by measuring
the current consumed by each actuator separately. If this current exceeds a certain threshold,
the PWM control actuator adjusts the value corresponding to the current position, locking the
actuator in that position. This solution has also the advantage of reducing energy consumption.

The second level is the so-called visual feedback that is made by the patient’s visual as-
sessment of the weight and the fragility of the objects that are manipulated. Depending on this
evaluation, the patient doses their motion intent to manipulate the object, in order to handle it
correctly without destroying it, and also without letting it to fall down. Depending on the ef-
fect, observed visually, of the application of a certain amount of force on an object, the patient
changes the motor control signals to achieve the desired effect. This ability to volitively reduce
or increase the ”motion intention” (in fact, the myoelectric stimuli) is a result of practice and
training.

The third, and most important, level of feedback that was implemented is the tactile/haptic
one, which aims to implement the control of the force exerted by the different motors in a similar
way to the functioning of a healthy, natural hand [17, 18]. To obtain this feedback, the artificial
hand phalanges were equipped with pressure sensors having the role to sense the contact resis-
tance and strength at the junction between the phalanx and the object that is handled. Pressure
information obtained from these sensors is processed and then applied to the patient’s stump
through haptic (tactile) transducers. These transducers generate tactile sensations on the skin, by
producing specific vibrations. Depending on the intensity and frequency of vibrations applied,
the patient practically feels the resistance level on each ”finger” in contact with the object. For
a better adaptation of the patient to this type of feedback, each haptic transducer was placed on
the skin over the muscles that control the movement of the finger that corresponds directly to the
artificial finger on which are mounted the sensors related to that transducer.

The haptic control of the artificial arm model, via sensorial interface is made efficient using
these feedback loops:

1. local prosthesis feedback, which electronically controls the force applied on handled items;

2. spinal automatic biofeedback, implying the unconditional reflexes of the patient;

3. cerebral automatic biofeedback, implying the conditional reflexes of the patient;

4. volitional action, which involves command the motor elements based on sensory informa-
tion evaluation and patient’s will.

Biofeedback loops 2 and 3 assume that sensory information goes through arm’s sensory
nerves to reach the brachial plexus, then ascend through the spinal cord up in the sensory cortex
(the opposite hemisphere), to be processed at this level (in different ways in variants 2 and 3),
then, the motor nervous influx will be generated from the correspondent cortical area, then it will
propagate through the spinal cord, brachial plexus, motor nerves of the arm to stump’s muscles.
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Fig. 4. The cerebral automatic biofeedback and volitional action circuit.

7. Driving artificial hand with sEMG signals

Measurements made using EMG (CMS 6600) on patients who had undergone amputation
revealed and demonstrated that muscle activity of the stump is more affected compared with
healthy arm. There are thus significant differences between sEMG signals from healthy arm
and the amputated forearm, as reported in scientific literature [21]. Measurements performed on
patients with partially or totally amputated hands differed significantly from measurements made
on persons with healthy hands. This important aspect has to be taken into consideration since the
phases of conception of the artificial hand and during the process of design.

EMG signals obtained from forearm muscles of healthy hands have distinct characteristics
for each muscle group separately. These signals were of great use in experiments, to elaborate
alghoritms and methods of control for the artificial hand. Calibrations were made as necessary
for each driver of artificial hand to be ordered with the corresponding signals from healthy hand.

Fig. 5. Prosthesis model connected to a) a healthy hand b) an amputation stump.
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Figure 5 a) presents experiments the artificial hand connection with EMG signals from a
healthy hand. In this case, the prosthesis is completely driven by the EMG signals collected on
the healthy hand. The placement of the sEMG electrodes on the forearm was realized according
to the position of muscle groups (flexors and extensors) of the forearm which are involved in
fingers movements as also others authors mentioned [13].

Figure 5 b) illustrates the efforts of a patient with both hands amputated to perform artificial
hand movements connected to the left amputation stump.

To drive an artificial hand, in the case of a patient with amputated hand, involves certain dif-
ficulties due to weak sEMG signals collected from the muscles on the stump. Amplification and
proper processing of these signals significantly help patients to achieve the control of the artificial
hand engine elements [14]. The two patients who participated in this program have succeeded,
after proper training, to control the artificial hand by contractions of the stump muscles.

After a hand amputation, the contraction of distinct groups of the stump muscles is difficult
(due to the amputation), therefore the number of categories of signals obtained is substantially
reduced. These signals can be used to control only a few types of artificial hand movements [19,
20].

8. Experimental evaluation of feedback solutions
The experiments described in this section were done with two patients. The first one has both

arms amputated; the second one has the amputated right forearm, while the left arm is healthy.
The artificial hand was fixed on an external support (it is not mounted on the arm). The exper-
iments aim to validate the feedback mechanisms described and their implementation, therefore
they are focused on the movements of the fingers of the artificial hand, and do not include
other types of movements, that are usually done with the arm as a whole (i.e. pushing something).

A. Haptic identification of fingers’ sensations
A simple but suggestive experiment was focused on the perception mechanism: is the patient

really able to feel what he does with the artificial hand. In this experiment, the patient has the
haptic actuators armband (Figure 6) applied on ventral side of his stump and connected with
haptic block of the prosthesis.

So, when pressure sensors from the prosthesis are stimulated, then haptic stimuli are applied
on the stump skin, using the actuators armband.

The experiment was conducted as follows:

1. visual/haptic training - the patient has visual contact with the prosthesis and can see what
the experimenter does;

2. haptic training - the patient is blindfolded and he applies itself pressure on different pros-
thesis fingers, feells the stimuli and becoming familiar with specific perception;

3. tests - the patient is blindfolded and the experimenter successively stimulates the prosthesis
fingers using medium level of pressure so, only one actuator from the armband are powered
at one time. The patient must indicate the finger.

After this test, following a set of 250 random touch attempts, the patient reported the percep-
tions summarized bellow:
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Fig. 6. Haptic stimuli indentification experiment.

Table 1. Patient’s perceptions under tests

Perception\
Stimulus Thumb Index Middle Ring Baby

Thumb 44 5 1 0 0
Index 4 41 8 1 1
Middle 1 4 36 8 2
Ring 1 0 5 34 6
Baby 0 0 0 7 41

So, the patient was able to correctly identify over 68% of the applied stimuli (on different fin-
gers). The best results was obtained on thumb (88%), followed by index and baby fingers (82%).
The most confuse perceptions was those intended to stimulate the ring finger (68%). This may
be linked both with actuator position (between other two actuators) and with less developed ring
finger image on sensitive homunculus. However, the results are promising: with some improve-
ments in actuators placement and more training, the correct identification ratio is supposed to get
higher.

B. Feedback mechanisms efficiency Another category of experiments and tests is oriented to
evaluate the mechanisms of feedback, in terms of efficiency and precision.

Several tests were performed with the experimental model of the artificial hand described in
previous section, with different types of movements and various objects. The objective was to
obtain the value of the threshold pressure to be applied in order to handle objects with different
resistance structures.

During the tests, the signals obtained from all sensors were displayed graphically as shown
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below (on the computer monitor in the backstage of Figure 7a. Depending on the map of signals’
patterns for the network of sensors, the control unit commands the motor elements of the artificial
hand for proper handling of different objects. Figure 7a presents the down force on each sensor
separately when objects with varying degrees of hardness were seized.

The control stage (unit) of the artificial hand allows some minor decisions to be taken auto-
matically, in order to prevent destruction of fragile objects. If the pressure exerted by the artificial
hand is increased beyond a certain level, fragile objects can be destroyed, as shown in Figure 7b.

This simple mechanism of feedback is implemented specially to avoid such situations.

Fig. 7. The down force is monitored on the computer, during objects handling.

In order to produce an efficient haptic feedback, for each finger of the artificial hand there is
a corresponding actuator, placed on the skin of the amputee stump, over the muscles that control
the corresponding finger. The advantage of this arrangement is the fact that it allows the patient
to easily correlate the tactile stimuli received from the haptic transducers to the commands given
to corresponding engine, and thus the ability to use the artificial hand may become reflex in
a relatively short time. In the process of manipulating objects using artificial hand, the haptic
stimulation is achieved in stages, to be more easily identifiable by the patient.

Each of the five actuators first attains the first level of pressure exerted on the stump when
each corresponding finger of the artificial hand attains the object. The second level of stimulation
is applied when the pressure on the finger reaches 50% of the maximum level supported by the
mechanical structure. When the signal from the pressure sensors of one finger reaches the stop
actuator, actuator correspondent realizes that the third finger pressing stage patients feel so touch
that moving one finger artificial hand stopped. In this way the patient has tactile feed-back on
the stump, on sites corresponding to each finger of the artificial hand.

These experiments also intended to evaluate the usefulness of different types of feedback,
both for mechanical protection of the handled objects, but also for efficient energy use. The pres-
sure applied on an object (over time) was monitored for different artificial hand control strategies.
The results are displayed in Figure 8.

The different curves correspond to experiments done with:

– the simplest version, without feedback (ff);
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Fig. 8. Temporal evolution of the force on the object handle for a prosthetic hand with 4 different
types of feedback.

– the second curve (fa) was obtained for an artificial hand control that includes the first
level of feedback (the automatic feedback that technologically limits the force applied,
depending on the elasticity and weight of the object that is handled;

– the third curve (fv) is obtained when the visual feedback is added to the previous one - in
this case, the patient adjust the commands depending on the effect (visual noticed) of his
actions;

– finally, the last curve (fh), in addition to previous mechanisms, includes the haptic feed-
back achieved by stimulating points on the blunt, related to the pressure ”sensed” on the
prosthesis’ fingers.

The results that where obtain (and are displayed in Figure 7) can be interpreted as follows:
the clamping force applied to the object, in order to properly handle it, is typi-cally much greater
than necessary (it is overestimated by the controller). Practically, when different feedback mech-
anisms are implemented, the force decreases – and the objects are still correctly handled. With
all three feedbacks included, the force applied is less than a half in comparison to the simple
(no-feedback) mechanism of control. There were no errors of manipulation like dropping the
objects.

The main advantage of the combined feedback solutions is that the power consumption is
consistently reduced. As in any device working on batteries, power consumption is one of the
most important features. In the case of a prosthetic device, this feature is – if not critical – at
least very important.

Another advantage of lowering the forces driven is, on one hand, that the risk of destruction
of objects is substantially reduced. On the other hand, the prosthesis itself will be protected from
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mechanical damages and the maintenance will be simpler.

C. Patient working with prosthesis model
In this set of experiments, the implemented prosthesis model was tested for fingers control

by the second patient (figure 9). In this experiment was used EMG signals (to control fingers’
actuators), pressure sensors on each prosthesis’ phalanx and 5 haptic actuators on the stump.

The image also shows the sEMG signals (2 channels) from the amputation stump (first mon-
itor) and the pressure levels for each artificial hand finger (second monitor) during patient han-
dling of a small rubber ball.

Fig. 9. Results obtained by patient using haptic feedback.

The patient succeeded to efficiently handle different objects by using the haptic feedback and
the artificial hand model.

9. Conclusion
Lack of feedback from the prosthesis to the patient is one of the main shortcomings of my-

oelectric prostheses available on the market today. Many of the functions lost by amputation
of an forearm can no longer be acquired by using an artificial hand with no feedback. Studies,
experiments and results presented in this paper have demonstrated the importance of feedback
functions that were implemented in order to control the artificial hand. This new feature allows
the patient to improve performance that can be achieved with artificial hand with feedback.

The experimental prototype presented in this paper proved itself to be very helpful for patients
who participated in the measurements, helping them to perform complex movements with a
high degree of self-control. The architecture of the artificial hand was ingeniously designed
and implemented and then offered the opportunity to perform experiments and measurements to
calibrate the sensorial interface and the haptic feedback stage.
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In the tests performed, both patients were able to command, by contractions of the muscles
of the stump, distinct movements of the fingers of the artificial arm.

The implementation of feedback functions prosthesis gives patients the opportunity to de-
velop, through proper training, new reflexes. Therefore, when using the prosthesis they can
respond adequately and in real time to complex situations and novel stimuli. The patients will
have better chances to find a job and reintegrate into society, as they can perform more tasks with
this type of prosthesis.

Concerning further developments, experiments have also proved the usefulness of the pres-
sure sensors array and provided new insights into the future development of smart sensors in-
terface with different types of sensors (pressure, position, thermal, etc.) that will lead to the
implementation of new features in the artificial hand.
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