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Currently, prosthetic hands can only achieve several prespecified and discrete hand motion patterns from popular myoelectric
control schemes using electromyography (EMG) signals. To achieve continuous and stable grasping within the discrete motion
pattern, this paper proposes a control strategy using a customized, flexible capacitance-based proximity-tactile sensor. This
sensor is integrated at the fingertip and measures the distance and force before and after contact with an object. During the pre-
grasping phase, each fingertip’s position is controlled based on the distance between the fingertip and the object to make all
fingertips synchronously approach the object at the same distance. Once contact is established, the sensor turns to output the
tactile information, by which the contact force of each fingertip is finely controlled. Finally, the method is introduced into the
human-machine interaction control for a myoelectric prosthetic hand. The experimental results demonstrate that continuous and
stable grasping could be achieved by the proposed control method within the subject’s discrete EMG motion mode. The subject
also obtained tactile feedback through the transcutaneous electrical nerve stimulation after contact.
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1 Introduction

The mechanical structure of prosthetic hands for upper-limb
amputees has reached a very high level, especially dexterous
multi-fingered prosthetic hands with multiple active degrees
of freedoms (DoFs) [1]. Their mechatronics system enables
many possible grasping patterns. However, due to the lim-
itation of the sensing ability and human-machine neural in-
terface, the hardware potential of the prosthesis cannot be
fully realized as there are insufficient control inputs for the
activation of all possible grasping patterns. Moreover, since
the spatial properties of the grasped object cannot be sensed,

the prosthetic hand cannot easily control the fingers finely to
adapt to an object in the discrete and finger-coupled motion
patterns before grasping, resulting in the impaired continuity
and stability of grasping.
Accordingly, many studies have proposed various non-

invasive methods for controlling prosthetic hands, such as
electroencephalography-based brain-computer interface [2]
and flex sensors attached to fingers [3]. These methods can
allow the prosthetic or extra robotic hand to trigger opening
and closing while not enabling many possible closing pat-
terns of the multiple active DoF hand or are not suitable for
transradial amputees. For the sake of non-invasiveness and
simplicity, surface electromyography (EMG) control of the
stumps of amputees is the most popular method to control
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prosthetic hands [4]. For multi-fingered myoelectric pros-
thetic hands, the mainstream control methods include se-
quential control and coding control based on switching
strategies [5,6], pattern recognition-based motion classifi-
cation [7], and simultaneous proportional control [8]. Pattern
recognition control strategies use multiple EMG electrodes
to identify muscle contraction, recognizing up to 19 hand
movements [9]. The method based on the switching strategy
uses EMG signals as the switching signals to switch between
pre-set motion patterns. However, these methods only output
a number of prespecified and discrete hand motion patterns.
In addition, simultaneous proportional control can only
achieve simultaneous continuous control with limited DoFs
(2–3) now, and the motion decoding precision and accuracy
are limited [10]. Thus, the control methods of outputting
various discrete hand motion patterns are currently the most
popular. Limited control outputs cannot fully use all possible
gestures of the multi-fingered hand. In each discrete hand
motion pattern, all fingers move along their pre-set trajectory
and cannot form the optimal grasp configuration according
to the object shape. Moreover, the shape, position, and pose
of the grasped object are uncertain in daily life. Thus, when
only using EMG control, all fingers may not simultaneously
touch the object. Some fingers make premature contact,
which may let the object move out of the hand’s reach or
topple the object. Thus, the user needs to monitor the
grasping process all the time and move the arm to adjust the
position and posture of the entire prosthetic hand to grasp the
object as stably as possible. This control method increases
the user’s physical strength and attention consumption and
reduces the continuity of grasping. Thus, the prosthetic hand
should preadjust each finger to form a suitable grasping
gesture and adapt to the grasped object [11].
This problem can be solved in two ways based on mon-

itoring force and planning grasp. Some studies employed
tactile or motor current sensors to detect contact and control
each finger [12,13]. However, this solution is based on
physical contact. That is, sensors have to actually touch to
obtain useful information, which may still cause a light ob-
ject significant motion. Moreover, the underactuated pros-
thetic hand could automatically adapt to the shape of the
object after contact [14], but this could also knock the object
over or move it out of the grasp. The touch-and-slippage
detection algorithm based on the normal contact force could
make the prosthetic hand effectively grasp the object [15].
This compensation response action can only be performed
after the beginning of the slippage events, and the contact
state of the force sensor also limits the success rate. There-
fore, non-contact sensing methods, usually vision or optical
based, are used to obtain an object’s spatial information
[16,17]. However, vision suffers from occlusion, size, and
real-time constraints. Optical-based sensors are highly sen-
sitive to the reflectivity of objects. Moreover, rigid compo-

nents are difficult to be attached to the curved surface of
prosthetic hands.
Thus, the simple capacitance-based proximity sensor is

used [18,19]. Non-contact proximity sensors can be used to
measure the distance of objects and control the robot, such as
maintaining a safe distance and avoiding collisions in un-
known or partially modeled environments [20]. The robot
can perform feedforward control based on proximity sensing
to improve the grasp performance prior to contact [21,22].
Some researchers have used proximity sensors on a two-
fingers parallel gripper to control the finger velocity ac-
cording to the object’s distance and to securely grasp the
easily deformable object [23]. A prosthetic hand with rigid
proximity sensors estimated the object’s shape according to
the distance between each finger and the surface and then
selected a grasping pattern [24]. However, the finger could
not be controlled finely.
In addition, tactile sensing is widely considered an es-

sential capability for efficient grasping and manipulation
[25]. The sensorimotor system is the basis of human grasp-
ing, and an able-bodied person often performs tactile servo
actions almost subconsciously [26], but transradial amputees
lost this capacity. Commercial prostheses suffer a lack of
tactile sensing. Although some advanced prosthetic hands
are equipped with tactile sensors, tactile information is only
used for prostheses automatic control and cannot be trans-
mitted to users. Users cannot accurately control grasping
without perception of the actual grasping force [27]. More-
over, the absence of sensory feedback results in foreign body
sensation and reduces the acceptance rate of the prosthetic
hand [28].
To restore the amputee’s tactile perception ability, external

physical stimuli controlled by the grasping force stimulate
the skin to produce sensations [29]. Compared with the open-
loop control without sensory feedback, the one with sensory
feedback significantly improves the grasping ability [30].
To obtain proximity and tactile sensing, multiple discrete

single-sensing sensors are required [31], which will bring
complexity to the space layout and acquisition circuit.
Moreover, most sensors are rigid and large, not suitable for
prostheses’ compact structure and irregular contact surfaces
[32]. Some studies have developed multimodal sensors to
reduce the hardware burden, which has proximity and tactile
sensing [33,34]. But the sizes of the sensors are large, it is
difficult to accurately measure the contact force.
In response to the problem, in this study, a customized,

flexible proximity-tactile sensor (PTS) was employed to
improve the grasping performance of the prosthetic hand. We
designed an integrated sensor measurement system. We used
the sensor to realize pre-grasping gestures based on proxi-
mity sensing and fingertip force control based on tactile
sensing. Furthermore, we performed the man-machine
closed-loop prosthetic hand control based on proximity and
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tactile sensing through the neural interface.

2 Materials and methods

This work used the fifth-generation prosthetic hand devel-
oped by the Harbin Institute of Technology (HIT V hand)
[35]. Figure 1(a) shows the prototype system of the pros-
thesis with the customized PTSs. The HIT V hand has five
modular fingers. Each finger has two flexion joints coupled
by a tendon and is actuated by a DC motor mounted inside
the finger. A commercial joint angle sensor measures the
joint angle. In addition, each fingertip is equipped with a
flexible PTS to sense the proximity and contact force. For the
expansion of the electrical system, all motors and sensors are
controlled by an external customized prosthetic hand con-
troller. The myoelectric control of the HIT V hand has been
demonstrated in ref. [6].

2.1 Prototype flexible PTS

Figure 1(b) and (c) shows the structure and working principle
of the proposed flexible PTS. A parallel plate capacitor
comprises two parallel electrode plates and a dielectric be-
tween them. Ideally, the charge on each plate will be spread
evenly on the inside surface of each plate, and the uniform
electric field between the plates of a capacitor will be con-
stant and directed perpendicularly to the electrode surface.
Conversely, in reality, due to the effect of the finite plate
width, there is a fringing field around the periphery of the
plates outside the capacitor, as shown in Figure 1(c). When
the object is close to the plate, an electric field exists between
the object and the top plate, which leads to the change in the
capacitance value between the two parallel plates. As shown

in Figure 1(c), the capacitance value between the parallel
plates reduces as the distance between the object and the
plate decreases. In this work, the top plate electrode of the
PTS is ring-shaped, and the bottom plate is still a round
electrode. Compared with the round electrode, the side area
of the ring-shaped electrode is increased so that more charges
are concentrated on the side of the electrode. This design
enhances the fringing field of the capacitor. Simultaneously,
it reduces the effective areas of the top and bottom plates; the
electric field between the two plates reduces. Thus, the
strength of the fringing field increases relatively, which
eventually strengthens the proximity sensing ability of the
PTS. After the object touches the top plate, as shown in
Figure 1(c), the dielectric layer deforms under contact force,
and the distance between the top and bottom plates reduces.
According to the parallel plate capacitance calculation, the
capacitance value between two plates increases. To improve
the tactile sensitivity, a pyramidal microstructure and the air
gap are introduced in the dielectric layer to reduce the elastic
modulus, which enhances the tactile sensitivity and shortens
the response time. The effective cell diameter of the PTS is
3 mm, and the total thickness is 900 μm. In addition, the
entire sensor is encapsulated using a flexible silicone. The
sensor can be attached to the fingertips of the HIT V hand.

2.2 Integrated design of the PTS system

The proposed flexible-tactile sensor is based on capacitance
measurement. It is attached to the fingertip surface, very
close to the motor mounted inside the proximal phalanx of
the finger. Therefore, the electromagnetic noise of the motor
should be considered. In addition, the output capacitance of
the sensor is in the order of sub-pF within the measuring
range, so the sensor is susceptible to external interference,
such as the parasitic capacitance of the system and me-
chanical vibration of the connecting wires. Hence, the
measurement circuit should be close to the sensor.
We designed a compact measurement system. The mea-

surement circuit board was installed inside the fingertip
cavity, and the sensor’s electrodes were connected to the
circuit board through enameled wires. They were fixed on
the distal phalanx of the finger, and there was no relative
movement when the finger moved. The connection wires
between the measuring circuit and outside were only the
digital signal and power line, which ensured the accuracy
and reliability of the measurement. A capacitance measure-
ment ASIC (FDC2214, Texas Instruments, Texas, USA) was
used to measure the capacitance between the two plates of
the sensor. FDC2214 is a capacitive digital converter in a
compact package, which combines a resonant circuit driver,
a signal processer, a 28-bit analog-to-digital converter, and
an Inter-Integrated Circuit (I2C) interface. Moreover, con-
sidering that the measurement circuit is far away from the

Figure 1 (Color online) (a) Schematic of the HIT V prosthetic hand
equipped with proximity-tactile and angle sensors. The hand has six DC
motors for each finger and the thumb ab/ad. (b) Structure of the proximity-
tactile sensor. (c) Working principle of the proximity-tactile sensor.
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controller, each measurement circuit board uses a voltage
regulator. The size of the measurement circuit board is 23
mm × 9 mm, which can be installed entirely inside the cavity
of the distal phalanx, as shown in Figure 2.
To facilitate the connection with the prosthesis controller, a

slave microcontroller (STM32F401CEU6, STMicroelec-
tronics, Geneva, Switzerland) was used to control five sensor
measurement modules and communicate with the prosthetic
hand controller. An I2C bus was used to connect five sensor
modules. To reduce the number of cables, time-division
multiplexing was adopted to control five measurement cir-
cuits. All sensor modules’ serial data lines (SDA) were di-
rectly connected to the host (slave MCU). While five serial
clock lines (CLK) were connected to the channel out of a
multiplexer (CD4051, Texas Instruments, Texas, USA), the
CLK of the host was connected to the common terminal

COM of the multiplexer, as shown in Figure 3. The sensor
controller controls the multiplexer timing sequence to ensure
that only one slave CLK is connected to the host at each
moment. In this case, only the module connected to the host
could communicate effectively, and others kept running in
the background. The sensor controller operates each sensor
module in sequence at an interval of 2 ms. The capacitance
measurement period was set to 9.2 ms. Considering the data
transmission time (approximately 0.5 ms), we set the mea-
surement frequency of each sensor module to 100 Hz. The
sensor controller polled all five sensors in a round-robin
fashion, and it took 10 ms to complete a measurement cycle
(five sensors). After completing a cycle, the host sent all
measurement data to the prosthesis controller.

2.3 Calibration of PTS

The proposed flexible PTS was attached to the fingertip of
the HIT V hand prosthesis and fixed by PI tapes. The flexible
base of the sensor conforms to the fingertip. Because the
fingertip’s surface has a specific curvature, the electrodes
and dielectric layer of the sensor may bend, which may
change the output characteristics of the sensor. In addition,
the prosthetic hand is mainly made of aluminum alloy, and its
electrostatic induction will affect the capacitance measure-
ment of the sensor. Furthermore, we should consider the
influence of electromagnetic noise from the motor. Tradi-
tionally, the calibration setup is pure and offline, in which the
sensor is placed on an insulated plate, independent of the
robot’s operation. To get realistic characteristics, we cali-
brated the PTS on the fingertip in the working state.
The setup of the proximity calibration is shown in

Figure 4(a). A machine vise fixes a finger with the proposed

Figure 2 (Color online) Rear view (a) and front view (c) photographs of
the prosthetic hand with the proximity-tactile sensor system. Close-up view
of the sensor sampling circuit board installed in the fingertip (b) and
proximity-tactile sensor attached to the fingertip surface (d).

Figure 3 (Color online) Connection method of the five sensor modules for a hand and the measurement system.
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sensor and measurement circuit under the lifting platform.
The lifting platform was installed with the test object (alu-
minum alloy and acrylic). The distance between the object
and sensor was manually adjusted, and the measurement
system’s output was recorded. The variations in the sensor
output and distance during the calibration are shown in
Figure 4(b). The results show that the sensor output changes
with the distance. Particularly, within the 15 mm distance
(range A in Figure 4(b)), the output of the sensor drastically
decreases as the distance decreases, and the closer the dis-
tance, the greater the change rate. Hence, proximity sensing
has high sensitivity in short distances. Moreover, the re-
sponse curves of objects of various materials are different.
The output amplitude of non-metallic acrylic sensors is much
smaller than that of metal materials, but the trend is similar.
Therefore, although the proximity detection distance of an
object depends on the object’s electrical characteristics, the
approach of the object can still be detected within a certain
range (range A in Figure 4(b)).

The tactile calibration setup is shown in Figure 5(a). A
machine vise fixed a finger with a flexible sensor and mea-
surement circuit. The measurement system and finger motor
were connected with the prosthesis controller. The fingertip
pressed the probe mounted on a six-dimensional force sensor
(Nano17, ATI Industrial Automation, Apex, NC, USA), and
Nano17 measures the actual contact force. The driving vol-
tage of the finger motor was gradually increased, and the
outputs of Nano17 and the PTS were recorded. The cali-
bration data and curve fitting are shown in Figure 5(b). The
relationship between the sensor output and contact force was
determined by the linear least squares as follows:
C F= 5208.01 + 13172.83, (1)out

where Cout is the output value of the sensor, F is the contact
force; and the R-square is 0.99682.

2.4 Contact detector

The PTS could measure the distance and contact force of the

Figure 4 (Color online) Proximity sensing performance. (a) Experimental setup. (b) Calibration results for the sensor working as the proximity sensor and
one with aluminum for conductive and dielectric objects approaching the sensor.

Figure 5 (Color online) Tactile sensing performance. (a) Experimental setup. (b) Calibration results for the sensor working as the tactile sensor.
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object before and after contact, respectively. The sensor
outputs of the two phases are both the capacitance value,
whereas the output characteristics of the two phases are
different. The output capacitance of the sensor decreases as
the distance of the object decreases before contact, whereas it
increases as the contact force increases after contact.
Therefore, during a complete approach-touch-grasping pro-
cess, an inflection point will appear on the curve of the
sensor output versus time near the contact. At the same time,
the sensor output signal will undergo local oscillation under
the influence of mechanical vibration when the contact is
made. Previous research passed raw tactile signals through a
high-pass filter to detect contact events, which appear as
extrema in the high-pass signal [36].
We employed a discrete-time Butterworth high-pass filter

with a cut-off frequency of 5 Hz for a 100 Hz measuring rate
of the sensor. As shown in Figure 6, before the grasping,
values ranging above the specific threshold were considered
contact detection. The gradual decrease in the raw signal
refers to an approaching object. Eventually, the object was
contacted, denoted by a peak in the high-pass signal.
Therefore, when the amplitude of the high-pass signal ex-
ceeds the pre-set threshold, indicating a contact occurs, the
output of the sensor switches to the tactile sensing mode.

3 Control and experiments

We employed the proposed sensor and HIT V prosthetic
hand to perform experiments to verify the usefulness of the
proposed sensor in prosthesis grasping and human-machine
neural interface. The study protocol involving humans was
approved by the local ethics committee of the Harbin In-
stitute of Technology (HIT-2021009).

The proposed PTS enables object distance and contact
force sensing successively before and after grasping. Before
grasping, we controlled each finger motion based on the
distance of the object independently rather than along the
pre-set trajectory to approach the object. For the multi-fin-
gered hand, all fingers performed this control to form a pre-
grasping gesture fitting the object shape eventually before
contact. Then, all fingers simultaneously flexed to grasp the
object; because of the matched gesture, all fingers touched
the object simultaneously to achieve a stable grasp. After
contact, the sensor turned to the contact force sensing, and
the hand performed the grasping force closed-loop control
based on tactile.

3.1 Pre-grasping control based on proximity informa-
tion

In this section, we describe a pre-grasping control method
based on the proximity sensing of the proposed sensor. In this
method, the pre-grasping process is broken down into in-
dividual, independent controls according to the distance
between the fingertip and grasped object surface for each
finger. The movement of each finger was controlled to stop at
the same distance from the object’s surface before contact.
As shown in Figure 7, the finger control was similar to the
damping control typically utilized in force control. In this
method, the joint speed of the finger was controlled based on
the distance between the fingertip and object proportionally.
The closer the distance, the slower the finger speed. The
finger stopped moving when it reached the desired distance.
The joint speed was determined by

K d d= ( ), (2)ref-F 1 F ref

so the reference value of the finger position controller was
determined by

Figure 6 (Color online) Sensor raw output and its result through a high-pass filter to detect the contact event.
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K d d t= + ( )d , (3)ref-F 0 F 1 F ref

where θref-F is the target value in the angle-based PID control,
θ0-F is the joint angle at the initiation of feedback control, and
K1 is the feedback gain. We adjust K1 to an appropriate value
experimentally. dF is the distance value measured by the
proposed sensor, and dref is the value sought for the distance.
After all fingers stopped near the object surface and

formed a pre-grasping gesture adjusting to the object’s shape,
all fingers simultaneously flexed to grasp the object.
In the verification experiment, the grasped object was an

aluminum alloy object composed of two cylinders with dif-
ferent diameters. The experimental results are shown in
Figure 8. Due to manufacturing errors, the output char-
acteristics of each sensor are different. Different desired
values were set according to the calibration. First, all fingers
flexed at the same speed. While the thumb and little finger
were close to the object’s surface, they reached the set de-
sired position at first. Then, the motors turned off; the index
finger, ring finger, and middle finger reached the set position
in turn; and a pre-grasping gesture was formed. Lastly, the
five fingers simultaneously flexed to grasp the object.

3.2 Grasping force control based on tactile information

Based on the previous tactile calibration results, we con-
ducted a step force tracking experiment on the grasping

force. The PTS on the fingertip measured the contact force,
and the prosthesis controller controlled the finger to track the
expected force trajectory according to the measurement re-
sult. The expected force was increased stepwise from 2.0 N
to 2.5, 3.0, and 3.2 N; then reduced to 3.0, 2.5, and 2.0 N; and
maintained at each level for 5 s. We employed the classic
PID controller. The parameters were adjusted to get better
control results. Due to the measurement frequency of the
PTS measurement system, the closed-loop control frequency
of the force was limited to 100 Hz in the experiment. The
results are shown in Figure 9, in which the maximum force
error is 0.4 N and the steady-state force error is 0.03.

3.3 Human-machine interaction control

To evaluate the effectiveness of the proposed sensor for
EMG prosthetic hand applications, we conducted a human-
machine neural interaction experiment. The scheme of the
control is shown in Figure 10. Different from the automatic
control mentioned above, in this experiment, the EMG signal
was used to control the HIT V hand in real time. Moreover,
unlike direct EMG control, the fingers first flexed based on
proximity to form a pre-grasping gesture rather than along
the fixed trajectory. That is, EMG was the high-level motion
instruction, and the low-level control was based on proxi-
mity. After the pre-grasping gesture, the subject drove all
fingers to contact the object. Then, the grasping force mea-
sured by the PTS was transmitted to the subject through the
transcutaneous electrical nerve stimulation (TENS). Ac-
cordingly, the subject adjusted the force to track the expected
force.
The experimental environment is shown in Figure 11(a).

To simplify the control, only the thumb and index finger
were involved in grasping, and the two fingertips were

Figure 7 Schematic of the proximity-based pre-grasping control.

Figure 8 (Color online) Sequence of pre-grasping based on proximity for the HIT V hand.
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equipped with the PTSs. Two EMG electrodes (13E200, Otto
Bock Healthcare GmbH, AT) were placed on the wrist flexor
and extensor muscles of the forearm of the subject. The EMG
electrode outputted the root mean square of the raw EMG

signal. The higher the muscle contraction strength, the higher
the amplitude of the electrode output signal. The signals of
the two EMG electrodes were classified into three types:
flexion, extension, and relaxation. Before touching the ob-
ject, the three EMG types correspond to three motion modes
of the prosthetic hand: closing, opening, and stopping. Two
round gel electrodes were placed on the contralateral forearm
to deliver the TENS signal. The grasped object was a hollow
iron round can. To measure the posture of the iron can, an
IMU module was fixed on the iron can to record the posture
angles in the form of Euler angle and acceleration of the
object during the experiment. The measurement frequency
was 100 Hz.
The control process is shown in Figure 11(b). The ex-

periment started, the subject contracted the flexor muscles to
trigger the finger flexion, and the PTSs measured the dis-
tances of the object. At the same time, the fingers were
controlled based on proximity. During this process, the fin-
gers would not outspread unless the extensor was active.
After the index finger and thumb formed the pre-grasping
gesture, the TENS delivered a pulse to indicate to the subject
that the gesture had been completed. Then, the subject re-
laxed the muscles and contracted the flexor again, control-
ling the two fingers to simultaneously grasp the object.
Afterward, the subject controlled the grasping force via
flexor contraction. The value of the grasping force was
proportionally determined by the EMG output amplitude of
the flexor muscle. The PTS measured the actual contact force
of the index finger. The electrical stimulation electrode de-
livered the TENS pulse signal to the subject, of which the
pulse magnitude was proportional to the actual grasping
force. The TENS induced the sensation on the skin. The
greater the grasping force, the higher the magnitude of the
stimulation pulse, and the stronger the sensation on the skin.
The subject perceived the intensity of the sensation, esti-
mated the actual grasping force accordingly, and adjusted the
grasping force to track the reference force. In this experi-

Figure 9 (Color online) Performance of the contact force tracking task.

Figure 10 (Color online) Scheme of the human-machine interaction
control based on the proximity-tactile sensor.

Figure 11 (Color online) (a) Experimental setup of the closed-loop EMG control with the proximity-tactile sensors through a neural interface. (b) Control
modules for the closed-loop EMG control with the pre-grasping through a neural interface.
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ment, the reference grasping force trajectory was a trape-
zoidal curve, gradually increasing from 2.0 N to 5.8 N within
5 s, maintaining 5 s after reaching 5.8 N, and gradually de-
creasing to 2.0 N within 5 s. Taking into account human
recognition ability, the period of the TENS feedback was
100 ms, the pulse width of the stimulation pulses was 10 ms,
and the magnitude was adjusted in the range of 0–20 V.
In addition, to verify the effectiveness of pre-grasping

based on proximity, a set of comparative experiments was
conducted, in which the experimental configure remained;
only proximity was not involved in the control. Fingers were
completely controlled by EMG signals, and the thumb and
index finger moved along the constant trajectories simulta-
neously.
As shown in Figure 12(a), the two fingers simultaneously

flexed toward the grasped object with the participation of
proximity. Because the thumb fingertip was initially closer to
the object than the index, the thumb reached the desired
position first while the index finger kept moving. When the
index fingertip reached the desired distance from the object,
the prosthetic hand formed a pre-grasping gesture around the
object in which all fingertips stopped near the object’s sur-
face. Then, the subject controlled all fingers to flex toward
the object simultaneously to grasp the object. For the pre-
grasping gesture, the thumb and index fingertips were almost
the same distance from the object surface, and all fingers
touched almost at the same time. No significant posture and
position change occurred in the object. While the slight
posture change may be due to the asymmetric grasp con-
figuration of two fingertips around the object, due to the
anthropomorphic configuration of the HIT V hand, the
thumb and index finger were not strictly opposed. The object
automatically adjusted its posture in the final balance under
the two asymmetric contact forces.

In the absence of proximity, the experimental results are
shown in Figure 12(b). Two finger motors synchronously
turned on/off triggered by the EMG. While the thumb was
closer, the object was first touched and then moved forward.
Due to the light mass, the object moved and slightly tilted
toward the index finger under the push of the thumb. After
approximately 0.5 s, the index finger touched the object.
Because the object’s posture had been tilted instead of up-
right, the contact forces of two fingers cannot form a perfect
two-force balance. Therefore, under the force of the index
finger, the object greatly deflected until a new balance.
Compared with the initial posture, the object deflected by
8.34°. In addition, due to the tilted posture of the object, the
contact between the fingertip and object was not normal,
especially the thumb friction with the ground and the force of
the index finger. The thumb fingertip slid on the object’s
surface. This shearing motion damaged the contact between
the sensor and the object, which resulted in a drastic change
in the output of the sensor, and might even damage the
flexible sensor and fail to measure force.
To verify the universality of the method, we compared the

performance on multiple positions in two conditions using
the proposed method and not using it. Two conditions were
defined as the control group (Control group) and reference
group (Ref group). Each group included ten positions in the
grasping space of the prosthetic hand. The variation of the
three Euler angles (row, pitch, and yaw) of the grasped object
during the grasping is shown in Figure 13 in the form of
boxplots. A t-test statistically analyzed the results. The result
showed that the posture changes were significantly de-
creased in the control group compared to the reference group
(P < 0.001).
The results of the closed-loop control of grasping force

based on the human-machine neural interface are shown in

Figure 12 (Color online) Process of EMG grasping. (a) Grasping process with proximity. (b) Grasping process without proximity.
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Figure 14. During the whole process, the overall average
force error was 0.18 N, and the maximum error force was
0.53 N. The grasping force generated by the subject was
generally consistent with the reference force, which in-
dicated that the subject could estimate the grasping force
based on electrical stimulation. Errors were found between
the generated and expected forces. These errors occurred
because the resolution of the subject’s estimated real grasp-
ing force, which relied on the TENS coding, was not as
precise as that of the physical sensor, only roughly several
discrete levels. Inevitably, there were errors between the
actual and estimated values. In addition, the grasping force of
the prosthetic hand was determined by the flexor contraction,
and it was difficult to keep the strength of muscle contraction
constant for a long time. Because long-term muscle con-
traction would also cause fatigue, it may cause the EMG
signal intensity to decrease over time. Therefore, due to the
nature of the sensory perception of the human in combination
with the variability of the myoelectric control signals, the
generated grasping force was not stable enough. Moreover,
the limitation of the force controller in part caused vibration
and error in the generated force.

4 Conclusions

This paper proposes a control method based on a new type of
flexible PTS to improve the grasping performance of pros-
thetic hands. Initially, it introduces the sensing principles and
structure of the sensor. We designed an integrated measure-
ment system to improve measurement accuracy and relia-
bility. Moreover, a pre-grasping formation method is
proposed based on proximity sensing. An appropriate pre-
grasping gesture can be formed according to the object’s
shape before touching, which has been verified with an ir-
regularly shaped object. The expected force tracking ex-
periment based on the tactile sensing of the sensor was also

performed to verify the accurate force control. Finally,
proximity-based pre-grasping was introduced in the closed-
loop control of the prosthetic hand based on the human-
machine neural interface. The experimental results prove that
the pre-grasping method could effectively improve the
grasping stability. Hence, there is a promising potential in
restoring sensory feedback function for amputees using the
PTS.
Future work will focus on recognizing object properties

based on the sensor output capacitance. In addition, ad-
vanced robot control algorithms based on proximity will be
employed to improve grasping compliance. Proximity and
tactile sensing can also be used to provide amputees with
spatial and grasping information through sensory feedback to
improve users’ perception and grasping ability.
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