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Design and Experimental Evaluation of a
Sensorimotor-Inspired Grasping Strategy

for Dexterous Prosthetic Hands
Ting Zhang , Member, IEEE, Ning Zhang, Yang Li, Bo Zeng, and Li Jiang

Abstract— Stable grasping without slips or crushing is
a major challenge for amputees who lose the natural sen-
sorimotor system in dynamically changing daily life envi-
ronments. Amputees rely largely on visual cues to control
the prosthetic hand to complete daily living activities due
to a lack of haptic feedback. The human tactile sense can
simultaneously feel normal and shear forces. When grasp-
ing objects based on the anticipated load conditions, the
human hand adjusts the grasping force in real time based
on shear force feedback. Here, a sensorimotor-inspired
grasping strategy for a dexterous prosthetic hand is pro-
posed to improve grasping performance. The proposed
grasping strategy allows the amputee to intuitively control
the prosthetic hand. The dexterous prosthetic hand can
adaptively adjust the grasp force based on tactile sensory
feedback to simultaneously prevent the slipping of objects
with unknown shapes, weight, roughness, and softness.
Experiments show that the myoelectrical prosthetic hand
has grasping force adaptive adjustment and slip prevention
ability and provides improved grasping compared to pros-
thetics with traditional open-loop control.

Index Terms— Dexterous prosthetic hand, grasping,
three-axis tactile sensor, slip control.

I. INTRODUCTION

GRASP stability in humans is attributed to the ability to
associate tactile (sensory) input with the reflex grasping

force (motor). This ability is enabled by the sensorimotor
system, which ensures that the human hand has adequate
grasp safety margins to prevent objects from slipping or being
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crushed [1]. Human sensorimotor control includes volitional
control and reflexive control [2]. The volitional control process
is the high-level cognitive result, while reflexive control is
triggered by sensory perception [3]. For example, the process
of picking up an egg and relocating it involves both volitional
and reflexive controls. The picking up and relocating move-
ments are controlled by the volitional command, while the
grasping force adjustment results from the reflexive control,
which depends on the sensed properties. For amputees with
hand amputation, the sensorimotor system is disturbed, and
the bilateral brain-hand loop is disconnected [4].

Electromyography (EMG) pattern recognition-based control
[5], [10] allows amputees intuitive control of prosthetic hand
motion. Amputees rely largely on visual cues to control the
prosthetic hand to complete daily living activities due to a
lack of haptic feedback [11]. Prosthetic hand users have heavy
visual attention and cognitive burden. In contrast, the human
grasp does not need constant visual attention but inherently
relies on tactile reflexes to automatically adjust the grasping
force [12]. Additional tactile feedback based on electrical stim-
ulation or vibration in the myoelectrical prosthetic hand has
been proven to significantly improve grasp performance [6],
[13], [16]. However, EMG filters and decoding introduce a
time delay to the engineered sensorimotor interface, which
connects prosthetic hand movements and muscle contractions.
This delay increases the slip frequency when the amputees
control the prosthetic hand to grasp objects [17], [18].
Furthermore, the EMG pattern classifier is only able to recog-
nize a few grasp postures and still cannot adjust the grasp
based on the object’s shape. Effective control methods based
solely on EMG are challenging to implement, as the data
are insufficient to ensure safe grasping. Amputees control the
prosthetic hand to grasp, depending on visual feedback without
tactile feedback, and still face instability problems.

Human hand skin includes numerous mechanoreceptors that
sense contact information. Picking up an object and putting it
back down comprises seven distinct steps: reach, load, lift,
hold, replace, unload, and release. Different sets of cutaneous
mechanoreceptive afferent types are activated at varying levels
(and patterns) with each stage of object handling [17], [19],
[20], [21], [22]. During loading and unloading, tactile feedback
is needed for the brain to adjust the hand’s orientation and grip
force to avoid dropping or crushing the held object [22]. If slip-
page is detected, the hand undergoes a reactive slip prevention
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mechanism to maintain stability. Furthermore, tactile feedback
can simultaneously provide the directions and strengths of the
applied force [23], [24]. When humans grasp an object, they
use anticipated load conditions plus reflexes based on tactile
feedback to continuously adjust the applied forces and adjust
grip force on objects relative to normal and shear forces at
the contact surface [25], [28]. This grasping strategy reduces
unnecessary energy consumption and decreases the possibility
of damaging the object or causing instabilities as a result
of excessive or poorly directed grip forces. However, current
myoelectrical prosthetic hands lack this tactile feedback-based
reflex grasping to stably grasp soft or fragile objects without
dropping or crushing them.

“Incipient slip” and “Gross slip” are two modes of slippage.
Only a portion of the contact location lost contact is defined
as Incipient slip, while gross motion between the object and
the fingers is the Gross slip (or simply “slip”) [29]. There
have been many studies on the development of tactile sensors
for prosthetic hands to detect slips and provide feedback
for grasping controllers [30], [35]. Many studies focus on
detecting slip by observing the slip displacement using array
tactile sensors [34], [36], optical sensors [37], [38], [40], and
accelerometers [41] or by observing the time derivative of
the pressure sensor [2], [42]. The slip detection and control
performance are limited by the resolution of the tactile array.
Another popular method to detect slip is based on measuring
and analyzing the vibration of the grasping force caused by
gross slip [18], [45]. This method cannot detect the slip at
the beginning because the vibration must be caused by the
slip. However, the initial slip detection is very important for
the prosthetic hand to adjust the grasping force in time. If a
slip is not detected at the very beginning, the prosthetic hand
may not have time to adjust the grasping force to stop it
in time. One interesting incipient slip detection method is
friction cone-based detection [46], [49]. This method detects
incipient slip by observing the measured ratio of the tan-
gential force to the normal force at the contact point by
using multiaxial force/tactile sensors. However, there is no
dexterous prosthetic hand grasping framework that includes
EMG control, incipient slip and gross slip detection, and
dynamic adjustment of the grasping force based on three-axis
tactile feedback to mimic the human volitional control and
reflexive control process of grasping in the activity of daily
living (ADL).

Inspired by the fluidity of human grasp control, this paper
presents a set of methods that enable hand prostheses to
delicately and firmly grasp real-world objects. This study aims
to demonstrate the performance of the proposed sensorimotor-
inspired grasping strategy of the developed dexterous pros-
thetic hand, in which the fingertip integrates the developed
three-axis tactile sensor [50], [52]. The peculiarities of the
proposed approach are its ability to use information extracted
from the three-axis tactile sensor array to provide prosthetic
hands with real-time stable grasping capabilities depending
on tactile feedback rather than relying on constant visual
attention.

The main contributions of this paper are summarized as
follows.

TABLE I
SPECIFICATIONS OF THE TACTILE SENSOR

1) A sensorimotor-inspired grasping framework of a dexter-
ous prosthetic hand is proposed to improve grasping perfor-
mance. The proposed sensorimotor-inspired grasping strategy
can detect both incipient slip and gross slip to adaptively
adjust grasp force relative to normal and shear forces to
simultaneously prevent slip.

2) To demonstrate the benefits of the proposed sensorimotor-
inspired grasping strategy by testing benchtop experi-
ments with different scenes and preliminary human subject
validation.

The remainder of this paper is organized as follows.
Section II presents the hardware description. Section III
presents the framework and details of the proposed
sensorimotor-inspired grasping strategy. The benchtop eval-
uation and preliminary human subject validation of the
proposed hardware and grasping strategy are presented in
Sections IV and V. Section VI discusses the performance of
the proposed prosthetic hand and grasping strategy from the
obtained results. Section VII offers conclusions and directions
for future work.

II. HARDWARE DESIGN

The prosthetic hand includes five-module fingers, each of
which has two links. Both joints of the module finger are
driven through one motor with cables, and there is one addi-
tional motor to drive thumb abduction/adduction. The max-
imum fingertip grasping force and joint rotation velocity are
12 N and 80 deg/s, respectively [50]. There is a piezoresistive-
principle-based three-axis tactile array with 13 units, in which
each tactile unit can measure both the normal force and shear
force and covers the five fingertips of the prosthetic hand.

An overview of the proposed prosthetic hand and fingertip
three-axis tactile sensor is shown in Fig. 1. There are four
fan-shaped top electrodes, as shown in Fig. 1 (b), and one
round bottom electrode for each tactile unit. The piezoresistive
materials between four fan-shaped top electrodes and one
round bottom electrode will work as for resistors to decom-
pose the normal and shear forces from the grasping force
on the round mesa, which is mounted on each tactile unit.
All 13 tactile arrays are placed to accommodate the shape of
the customized fingertip to ensure that there is at least one
tactile unit contacting the object for different grasp postures.
The diameter of the largest tactile unit, which is fixed on the
foremost of the fingertip, is 4 mm, while the other 12 tactile
units’ diameters are 3 mm [51]. The characteristics of the
proposed three-axis tactile sensor are summarized in Table I.
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Fig. 1. Experiment platform.

III. SENSORIMOTOR-INSPIRED GRASPING STRATEGY

A. The Framework of the Sensorimotor-Inspired
Grasping Strategy

The goal of the proposed sensorimotor-inspired prosthetic
hand’s grasping strategy is to rebuild the sensorimotor system
to mimic human volitional and reflexive control. The amputee
can volitionally control the prosthetic hand based on the
EMG signal. And the prosthetic hand also can automatically
adjust the applied force based on the three-axis tactile forces
feedback.

Fig. 2 shows an overview of the proposed sensorimotor-
inspired grasping strategy. It is a hybrid strategy, which
includes two loops: bidirectional human-prosthesis interface
and reflex control. The bidirectional human-prosthesis inter-
face decodes the grasp intention and grasp posture based on
the EMG pattern classifier and feedbacking the grasping force
to the user through electrical stimulation. The reflex control is
responsible for slip detection and automatically adjusting the
grasping force to stabilize grasping.

Fig. 2. Framework of the sensorimotor-inspired grasping strategy.

The pattern classifier decodes the grasping posture from
EMG signals and then controls the prosthetic hand based on
the intention to grasp. The desired angles of each finger are
calculated based on the inverse kinematics and grasping pos-
ture. Once contact has been detected through the tactile sensor,
the prosthetic hand control is transformed from EMG control
to tactile data-driven dynamic grasping control. The prosthetic
hand automatically adjusts the grasping force to adapt to the
shear force changes (due to the weight change of the object
or disturbance) according to the predefined grasping safety
margin during the lifting and holding phases. Furthermore, the
grasping safety margin is updated in real-time when slippage is
detected to prevent further slip. The finger is controlled by the
admittance controller to adjust the grasping force in real-time
by adjusting the virtual stiffness. The shear-to-normal force
ratio was used to adaptively adjust the grasping force based
on Coulomb’s friction and the grasping safety margin.

B. EMG Pattern Classifier and Electrical Stimulator

The raw EMG signals were collected from six channels of
the commercialized dry electrodes integrated with the ampli-
fying circuit (Danyang Prostheses Factory Co., LTD, China)
placed on the forearm muscles group, including the extensor
pollicis brevis, flexor pollicis longus, extensor indicis proprius,
flexor digitorum superficialis (distal), extensor digiti quinti
proprius, and flexor digitorum superficialis (proximal). The
EMG signals are preprocessed and segmented by overlapping
windows. The wavelength (WL) feature that characterizes the
signal pattern in each EMG channel is extracted and then
fused into one feature vector as the input of the classification
algorithm. The pattern classifier categorizes the EMG features
into one of the movement classes (i.e., hand open) based
on the internal pattern of the EMG data. The classifier can
discriminate up to 5 classes: no motion, hand open, power
grasp, tip, and tripod. The outputs of the intended movement
activate the corresponding prosthetic hand grasp posture for
the reflex control.
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To detect muscle activation onset quickly and accurately,
we applied the Teager-Kaiser Energy Operator (TKEO).
TKEO processing was applied to the raw EMG signal as
follows:

� (n) = x2 (n)− x(n + 1)x(n − 1) (1)

� (n) and x(n) are the TKEO-processed and raw EMG values
at the n-th sampling time (n), respectively. The TKEO induces
a one-sample time delay in real-time operation. The threshold
for the TKEO-processed EMG was obtained as follows:

ηtkeo = μ+ σ J (2)

μ and σ are the mean and standard deviation of the TKEO-
processed EMG during the nonactivated state. J is a multiplier
that can be arbitrarily selected. When the rectified TKEO-
processed EMG exceeds the threshold (ηtkeo), the muscle is
considered to be activated.

The support vector machine (SVM) is adopted in this paper
as the EMG pattern classifier. The RBF kernel function is used
in the classifier. For multimode classification, a one-against-
one approach is used. The pattern recognition controller uses
an SVM classifier with a segment of 250 ms and a window
length of 25 ms, and it runs on the DSP chip (TMS320F2812,
Texas Instruments, Texas, USA). The raw analog EMG signals
are sampled with a frequency of 200 Hz and 12-bit resolution
on the DSP and then filtered with a 20–500 Hz bandpass
and 50 Hz notch.

The proposed bidirectional human-prosthesis interface
includes the EMG pattern classifier and an electrical stim-
ulator. The one-channel electrical stimulator is designed to
achieve a voltage of ±20 V and a sinusoidal waveform output
of a maximum of 10 mA. The electrical stimulator can output
eight grades of stimulation intensity. The pulse frequency of
the electrical stimulator increases from 0 Hz–100 Hz accord-
ing to the grasping force [53]. The electrode of the electrical
stimulator is placed at the upper arm. The voltage electrical
stimulus was kept constant, and the current is different depend-
ing on the subject’s feelings.

C. Reflexive Control

1) Initial Slip Detection and Automatic Grasping Control: The
automatic grasping control goal is automatic adjustment of
the grasping force to adapt to the shear force changes to
prevent slip. On the other hand, to achieve grasp stability,
the grasping force must always be situated inside the friction
cone at the contact for all fingers, as shown in Fig. 3. And the
friction cone will be updated in real-time when a slip occurs.
In this method, the stiffness for each finger motion is updated
individually so that proper values needed for object motion are
synthesized. The prosthetic hand detects the initial slip and
automatically adjusts the grasping force through admittance
control.

According to Coulomb’s law, the normal force fnormal ,
shear force fshear and friction coefficient at the contact point
needs to satisfy | fshear |

/ | fnormal | < μs to prevent slipping.
The smaller the shear-to-normal force ratio from the friction
coefficient, the more stable the grasp is. Soft or delicate

Fig. 3. Schematic of the grasping safety margin. The dome-shaped
object represents the sensorized domes on the finger.

objects, which are common in ADLs, may experience large
deformations or be crushed when the grasping force increases
too aggressively. We chose the tactile unit with the maximum
normal force as the effective tactile unit and sent feedback on
this tactile unit’s three-axis force to the finger controller.

Johansson’s work involves analysis of the human grasp
resulting in the use of 10% to 40% of the safety threshold
based on the material of the object during human grasping of
an object [28]. In [47], the ratio of the tangential force to the
normal force is calculated in real-time based on the three-axis
force collected by the bionic tactile sensor. In addition, the
ratio of the tangential force and the normal force is controlled
at 0.83 times the maximum static friction coefficient to ensure
a stable grasp. We set the friction coefficient μs to 0.4, which
is suitable for most objects in ADLs. For the initial parameter
set, we set the grasping safety margin ξp as 0.8 to control
each finger’s fingertip force to simultaneously prevent slipping
and minimize any deformation of the grasped objects. The
automatic grasping control goal is real-time adjusting of the
grasping force to make the measured ratio of the shear-to-
normal forces meet

fshear

fnormal
= μs · ξp (3)

2) Admittance Control and Stiffness Adjustment: The EMG
recognition classifier can only output the grasp patterns.
To adapt to different sizes and shapes, the fingers of the pros-
thetic hand were controlled by admittance control individually.
The admittance controller tracking desired joint angles that are
calculated through the grasping posture and inverse kinematics
of the prosthetic hand. The admittance controller of each finger
adjusts the virtual stiffness in real-time to control the grasping
force. The admittance controller includes a virtual impedance
model working at the outer loop and a trajectory-tracking
controller working at the inner loop, in which the stiffness
of the prosthetic hand and grasping force can be controlled by
adjusting the virtual impedance parameters D and K .

θad j = θ0 − 1

K + s D
fnormal (4)

KT +1 = KT +�K (5)

where θ0 is the desired finger angle, θad j is the angle adjust-
ment that is related to the grasping force fnormal , s is the
Laplace operator, �K is the stiffness adjustment, which is
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used to determine the stiffness to be applied at the sample
time T + 1.

We expect that the reflex grasping force can increase almost
instantaneously when a slip is detected to prevent it. However,
the object may be crushed or broken if the grasping force
increases too aggressively. Furthermore, the grasping force
may increase too slowly or not enough to prevent slipping.
Therefore, the reflex force amplitude and the time required
need to be considered in the design of the stiffness adjust-
ment strategy. The control law for the stiffness adjustment is
given by

�K = K P(Ksμ+ Ks Dμ̇) (6)

μ = fshear

fnormal
(7)

where Ks and Ks D are the gains for the ratio of the shear-
to-normal force and the ratio of the shear-to-normal force
derivation, respectively, K P is the scale factor.

We use the tactile sensor and angle sensor to estimate the
object’s stiffness during the contact moment, and then the
prosthetic hand grasped the object with a small contact force
based on the estimated stiffness:

K = F − F0

x − x0
(8)

where F0, x0 is the initial grasping force and angle, F is the
grasping force mean over n sampling periods, x is the angle
mean over n sampling periods.

F = 1

n

∑i+n

i
Fi (9)

x = 1

n

∑i+n

i
xi (10)

The estimated object stiffness to separate object stiffness
(<2 N/mm, 2-15N/mm, >15N/mm) and initial grasping force
in three levels (0.1-1.5N, 1.5-2.5N, and over 2.5N).

3) Slip Detection and Grasping Safety Margin Update: The
initial friction coefficient (μs =0.4) and grasping safety
margin (ξp =0.8) are suitable for most objects, but they are
too obtuse and slow for some smooth objects, heavy objects,
or when grasping with disturbance. In these cases, the object
does slip. Thus, our proposed sensorimotor-inspired grasping
controller detects slip based on vibrations and automatically
updates the grasping safety margin (from 0.8 to 0.6, adjusted
every 0.1) to prevent slip. The slip causes oscillations of both
the shear and normal forces. We implemented the Haar wavelet
transform analysis of the ratio of the shear-to-normal forces.
The slip is distinguished by the threshold. Once the slip is
detected, the grasping safety margin ξp is updated to increase
the sensitivity of the grasping force to the shear force to
prevent slip.

The ratio of the shear-to-normal forces of the tactile sensor
can be expressed as the linear sum of the scale function and
the Haar wavelet function after being decomposed by the Haar
wavelet transform.

μs (t) =
∑t0+N

n=t0
cnϕ

(
2 j0 t − n

)
+

∑t0+N

n=t0

∑J

j= j0
d j,nψ j,n

(
2 j t − n

)
(11)

where cn and d j,n are the coefficients, j is the scale coefficient,
N is a positive integer number, ϕ(t) is the scaling function,
and ψ(t) is the mother wavelet. Define the slip index q as

q =
{

1 fh = d2
j,n ≥ ds

0 fh = d2
j,n < ds

(12)

where ds is a positive threshold. When high-frequency features
of the Haar wavelet fh = d2

j,n ≥ ds , the q = 1, means
the slip occurred. We formulate slip detection as a one-class
classification problem. The Haar wavelet DW T = d2

j,n is a
feature input to the SVM-based one-class classification.

4) Multifingered Coordination: The prosthetic hand is
mechanically designed to grasp objects based on the unique
configuration of the human hand and the mechanism called
“fingers-thumb opposability” [40]. To synchronously adjust all
the fingers, all fingers use the same parameter �K to adjust
their stiffness.

�K = max
(
�K1 �K2 . . . �Kn

)
i = 1, 2, . . . , 5 (13)

where �Ki is the individually updated stiffness of the finger,
and i is the finger number.

In this method, the stiffness for each finger motion is
updated individually to enable the proper values that are
required for the object’s motion to be synthesized.

IV. BENCHTOP EXPERIMENTS

A. Automatic Grasping Objects

1) Test 1: Grasping Objects With Different Stiffnesses: This
experiment demonstrates automatic grasping control of objects
with different stiffnesses under a dynamic pushing force. Two
objects, hard plastic cups and paper cups, were tested with
different stiffness properties. The prosthetic hand was fixed to
a frame, and the object was fed to the prosthetic hand to grasp.
The manipulandum first grasps and then manually pushes the
object in the vertical direction. In this experiment, the grasping
safety margin ξp was set to 0.8, and then the desired ratio of
the shear-to-normal force was 0.32.

As shown in Fig. 4 (a), at the initial stage, the pros-
thetic hand grasped the object with a small contact force of
0.05 N ≤ fnormal ≤ 0.5 N based on the estimated object
stiffness. Once the object is stably grasped, we pushed it
downward with a random force. The shear force Fy reflects
the pushing force. For the hard plastic cup (Fig. 4 (a)), the
prosthetic hand grasped it with an approximately 2 N initial
finger force based on the estimated object stiffness is within
2N/mm to 15N/mm. At the interval (0s-t1), the shear force (Fy)
increased due to the weight of the object, and then the grasping
force (Fz) increased to keep the ratio of the shear-to-normal
force at 0.32. The manual push force was gradually exerted at
the interval (t1-t2) and interval (t2-ends), the shear force (Fy)
increased with the push force, and then the grasping force
increased from 2.8 N to 4.8 N and from 4.8 N to 5.9 N
to ensure that the desired ratio of the shear-to-normal force
is 0.32 (the grasping safety margin ξp is 0.8). Similarly, the
prosthetic hand grasped the paper cup with an approximately
1 N initial grasping force based on the estimated object
stiffness is small than 2N/mm (Fig. 4 (b)). Then, the grasping
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Fig. 4. Automatic grasping objects with different stiffness. The manual
push force was slowly exerted at the interval (t1-t2) and interval (t3-ends).

force adaptively increases with the push force beginning at
t1 and stopping at t2. The ratio of the shear-to-normal force
is kept at approximately 0.32. In the interval of incipient
slip automatic control procedure (t1-t2), the prosthetic hand
adaptively increases the grasping force (from 0.1 N to 1.9 N).

2) Test 2: Grasping Object With Different Safety Margins:
To compare the effectiveness of the grasping safety margin
on automatic grasping control, we also conducted a similar
experiment with grasping paper cups with different grasping
safety margins (Fig. 5 (a)). The incipient slip automatic con-
trol experiments are repeated with grasping safety margins ξp

of 0.7 and 0.6.

Fig. 5. Automatic grasping object with different safety margins. The
manual push force was slowly exerted at the interval (t1-t2) and interval
(t3-ends).

As shown in Fig. 5 (a), the grasping force increased at the
interval from t1 to t2 (from 1 N to 2 N) and the interval from
t2 to 4s (from 2 N to 2.7 N) while the push forces were exerted
(the shear force Fy increased from 0.3 N to 0.5 N and from
0.5 N to 0.8 N). The ratio of the shear-to-normal force was
approximately 0.28 (the grasping safety margin was set as 0.7)
to avoid incipient slip during pushing.
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Fig. 5 (b) shows that the grasping force Fz increased from
0.4 N to 3 N when the push force was exerted at the interval
from t1 to t2 (Fy increased from 0 N to 0.6 N). The ratio of
the shear-to-normal force changed as the push began and was
then held at approximately 0.24 (the grasping safety margin
was set as 0.6) to avoid incipient slip during pushing. The
grasping force is 1.8 N when the shear force is 0.5 N with the
grasping safety margin set as 0.7. While the grasping force is
up to 2.1 N when the shear force is 0.5 N with the grasping
safety margin set as 0.6. The change in grasping force (2.1N)
is bigger with the smaller safety margin (0.6).

B. Dynamic Grasping of a Paper Cup

To further demonstrate the grasp and slip prevention ability
of the proposed prosthetic hand integrating the three-axis
tactile sensor and the proposed sensorimotor-inspired grasping
controller, we added rice to the paper cup after the prosthetic
hand had stably grasped the paper cup.

As shown in Fig. 6, the shear force increases while adding
rice, and the prosthetic hand automatically increases the
grasping force to adapt to the shear force changes to prevent
incipient slip. As shown in Fig. 6 (b), as the rice was added,
the measured shear force increased from 80 mN to 700 mN
at the interval from t1 to t2, and the grasping force (Fz)
correspondingly increased from 100 mN to 2,300 mN. We can
see from Fig. 6 (c) that the paper cup slipped from the
prosthetic hand at t2 when the measured shear force (Fy)
reached 1.8 N. The cup starts to incipiently slip at the interval
from t1 to t2 when rice is added. The cup is dropped at t2 due
to the weight being too big.

C. Slip Detection and Grasping Safety Margin Update

To evaluate the slip detection and controls, two experiments
were conducted at the platform shown in Fig. 1. The first
experiment evaluates slip detection by measuring vibrations.
In the first experiment, the prosthetic hand stably grasped the
paper cup, and then four 50 g weights were dropped into the
cup successively. Fig. 7 (a) shows that the ratio of the shear-
to-normal force has vibrations, and its high-frequency features
of the Haar wavelet were over the threshold (the threshold was
set as 0.1) when the object slipped.

The second experiment evaluates the grasping safety margin
automatically updated during slip detection. The manipulan-
dum was first grasped, and the weight was added to the
plastic cup to make the ratio of the shear force to the normal
force rise to 0.32. Then, a 50 g weight was dropped into
the cup. Fig. 7 (b) shows that the measured shear force (Fy)
increased from 80 mN to 1300 mN (t1), and the grasping
force (Fz) correspondingly increased. Slip is detected (t1 to t2)
by measuring the vibrations of the ratio of the shear-to-normal
force, and then the grasping safety margin is updated to 0.7
(the ratio of the shear force to the normal force is updated
to 0.28). The grasping force (Fz) increased from 0.8 N to
2.8 N to control the slip and held the ratio of the shear force
to the normal force at approximately 0.28.

Fig. 6. Automatic grasping paper cup with wight increasing. The rice
was added into the cup at the interval (t1-t2).
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Fig. 7. Slip detection and control experimental results.

V. PRELIMINARY HUMAN SUBJECT VALIDATION

Five non-disabled subjects (male, age 28.5±6 y.o., weight
78.5±9.9 kg, height 1.76±0.26 m, no prior training with
similar devices) were recruited for the experiment to evaluate
the performance of the proposed prosthetic hand and the
sensorimotor-inspired grasping controller. All subjects signed
an informed consent form. The experiments were approved
by the Ethical Committee of Soochow University. The six-
channel EMG signals, which were measured from six EMG
electrodes placed on the forearm, were used to control the

prosthetic hand. All five subjects were asked to perform
the task in three different control scenarios in two different
experiments.

M1: In the first group, we defined modality M1, where the
prosthetic hand is controlled by the EMG pattern recognition
classifier with position control. The fingers of the prosthetic
hand were controlled by position control individually. The
position controller tracking desired joint angles that are calcu-
lated through the grasping posture and inverse kinematics of
the prosthetic hand.

M2: In the second group, we defined modality M2, where
the prosthetic hand was controlled the same as in M1, and the
grasping force was fed back to the subjects through electrical
stimulation [53].

M3: In the third group, we defined modality M3, where the
prosthetic hand was controlled by the proposed sensorimotor-
inspired grasping controller.

The grasping task is successful when the object is grasped
from the table and placed in another location without slipping,
breaking, or causing large deformation. The success percent-
age was defined as the percentage of the number of successful
grasping results in the total number of grasping results. The
success percentages were statistical analyses by a two-tailed
T-test (P < 0.05).

Experiment I: A tripod grasp mode was used by the
prosthetic hand for all grasping tasks of Experiment I. The
EMG electrodes were placed on the subject’s left arm, while
the prosthetic hand was grasped by the right hand to carry out
the pick-lift-replace manipulating tasks during this experiment.
Four delicate common objects, paper cups filled with water,
strawberries, foam (packing filler), and raw eggs, were chosen
for this experiment. For the paper cup filled with water, the
subjects were asked to grasp it and then pour the water
into another cup. Every subject (total 5 subjects) pick-lift-
replace manipulating of each object 5 times (total 100 times,
5 subjects × 4 objects × 5 times).

We can see from Fig. 8 that the success percentage with
the proposed control strategies of M3 was higher than those of
M2 and M1 for all four objects, especially for the complicated
objects. The rate of success for all four objects was greatly
increased with M3. The success percentage of the pick-lift-
replacement of the paper cup with water increased from 71%
to 97%. The success percentage of pick-lift-replacement of the
raw egg increased from 50% to 93%. The success percentage
of pick lift replacement of the foam increased from 60% to
96%. Strawberry had a high success percentage (from 75%
to 91%) for M1, M2, and M3.

Experiment II: Beyond testing the grasping of complicated
objects’ performance with the tripod grasp mode, we want
to evaluate how the proposed system and controller would
work on the pick-lift-replace manipulating tasks for real-world
soft or delicate objects. In this experiment, three non-disabled
subjects and one amputee subject with right transradial ampu-
tation (TRA) were asked to pick-lift-replace manipulating
16 different objects with M1, M2, and M3. The object is
picked up from a table, and if it is set down at a different
location without slippage, crushing, or large deformation, it is
considered successful.
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Fig. 8. Experimental results for healthy participants in the experiment.
Bars, error bars, and asterisks denoted the means, standard deviations,
and statistical significance (P < 0.05), respectively.

Fig. 9. Experimental results for healthy and TRA participants in
experiment II. (a) Prosthetic hand system for non-disabled subjects.
(b) Success percentages of the non-disabled subjects. (c) Success
percentages of the TRA. Bars, error bars, and asterisks denoted the
means, standard deviations, and statistical significance (P < 0.05),
respectively.

The prosthetic hand was attached to the non-disabled sub-
ject’s arm through an adapter, and the amputee subject wore
the prosthetic hand through a socket, as shown in Fig. 9 (a).
The prosthetic hand was controlled by the six EMG electrodes.
Common real-world objects with a variety of shapes, weights,
roughness, and softness, such as paper cups, plastic cups,
raw eggs, strawberries, grapes, sponges, tomatoes, cakes, pies,
biscuits, empty juice boxes, mobile phones, light bulbs, hollow

paper packaging boxes, small plastic measuring cups, and
bananas, were selected for evaluation. Each subject handles
16 objects with 5 repetitions. These objects are grasped with
the power, tripod, and tip grasp postures. The success percent-
age in this experiment is counted based on a total of 240 pick-
lift-replace manipulating tasks (3 subjects × 16 objects ×
5 groups) for the non-disabled subjects and a total of 80 pick-
lift-replace manipulating tasks (1 subject × 16 objects ×
5 groups) for the amputee subject.

The performance of the three control strategies M1-M3 is
shown in Fig. 9. The proposed control strategy M3 achieves
the highest success percentage across all objects, with a
success percentage of 92% for non-disabled subjects and 90%
for amputee subjects. The lowest value was in the trial of the
experiments with M1 (71% for non-disabled subjects and 62%
for amputee subjects). Experiment M2 results (79% for non-
disabled subjects and 70% for amputee subjects) in higher
percentages than Experiment M1. The success percentages
increased from 75% to 96% for the non-disabled subjects
and from 64% to 93% for the TRA subject through our
proposed method compared with the traditional open-looped
EMG controller.

VI. DISCUSSION

As shown in Fig. 4 and Fig.5, all the experiments demon-
strated that the proposed sensorimotor-inspired grasping strat-
egy is crucial for grasping force adaptive adjustment for slip
prevention and minimizing the deformation of the grasped
objects. In the automatic grasping objects with different stiff-
ness experiments (Fig. 4 (a) and (b)), the prosthetic hand
automatically increased the grasping force with pushing. Fig.5
validates that the sensitivity of the grasping force to the shear
force can be adjusted by changing the grasping safety margin.

In the paper cup dynamic grasping experiment, the grasping
force adapted to the weight increased as the rice was filled
to prevent slipping. However, the paper cup, as shown in
Fig. 6 (c), was dropped with a serious increase in weight.
The grasping force is not enough to balance the weight at
this moment (at 7 s). Therefore, we increased the sensitivity
of the grasping force to the shear force when detecting slip to
prevent further slip. As shown in Fig. 7 (a), the high-frequency
features of the Haar wavelet for the ratio of the shear-to-normal
force are over the threshold when a slip occurs. Furthermore,
the grasping safety margin was updated from 0.8 to 0.7 after
slippage was detected, as shown in Fig. 7 (b).

In human subject Experiment I, only the tripod grasp mode
is used to grasp four delicate objects. At the same time, the
prosthetic hand was grasped by the right hand and controlled
by the left arm’s muscles to carry out the pick-lift-replace
tasks during this experiment. This protocol eliminates the need
to reduce the loading effects on the EMG pattern classifica-
tion. As shown in Fig. 8, the proposed sensorimotor-inspired
grasping strategy significantly increased the grasp success
percentage under similar experimental conditions compared
with the traditional open-loop controllers (M1 and M2). Fig. 9
shows that the highest success percentage was obtained in
the reach, pick, and lift tasks by the proposed sensorimotor-
inspired grasping controller in human subject experiment II.
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In summary, this study reports a novel sensorimotor-inspired
grasping control framework endowing an engineered sensori-
motor system for myoelectrical prosthetic hands. The exper-
iments described above found that the proposed prosthetic
hand can automatically adjust the grasping force in real-
time to prevent slipping and avoid damaging the objects.
Preliminary human subject experiments have shown that our
work offers improvements in grasping delicate objects over
traditional open-loop control. Furthermore, the proposed con-
troller requires fewer calculations, and all the algorithms,
including EMG pattern recognition, run on a DSP chip-based
embedded system that is integrated into the prosthetic hand
palm. To reduce the size and weight added to the amputee,
the prosthetic hand’s reliance on external components is
minimized.

There have many previous works that tried to rebuild the
sensorimotor system for the prosthetic hand, such as human-
inspired reflex to autonomously prevent slip of grasped objects
rotated with a prosthetic hand [55], sensorimotor-inspired
tactile feedback and control of the prosthetic hand [2], neu-
romimetic event-based detection for closed-loop tactile feed-
back control of upper limb prostheses [42]. Compared with
previous works, the proposed sensorimotor-inspired grasping
framework includes EMG control, incipient slip, and gross slip
detecting. Furthermore, it allows the prosthetic hand to detect
the incipient slip and then dynamically adjust the grasping
force to mimic the human reflexive control process of grasping
in ADLs. The incipient slip detection will give the prosthetic
hand more time to stop the slippage.

However, our work still has limitations. First, the object
deformation is judged by the human or drop due to the large
deformation during the preliminary human subject validation
experiments. This will introduce errors in the statistical results.
Second, this study was limited to considering the force/torque
equilibrium for stable grasping. Multifingered grasping plan-
ning is outside the scope of this study. In addition, this
study was limited to adjusting the contact position to achieve
new force closure during grasping, which is unstable due
to the limits of the prosthetic hand’s degrees of freedom.
Third, we chose only grasping with the sensor unit with
the highest normal force during the experiment. The three-
axis tactile sensor array is only integrated at each fingertip,
and power grasping without effective tactile unit contacts
is not considered in the evaluation. Furthermore, this study
was limited to rapid adjustment of the grasping force due
to the limits of the finger speeds. To ensure the grasping
force and reduce the weight and size, we must compromise
between the grasping force and the velocity. The prosthetic
hand cannot rapidly increase the grasping force when slippage
is detected. Our controller automatically increases the grasping
force, adapting to the shear force to prevent slip before it
occurs.

VII. CONCLUSION

In this paper, a sensorimotor-inspired grasping controller
is proposed to improve the grasping performance of the
prosthetic hand. The advantage of the proposed sensorimotor-
inspired grasping control framework is its ability to allow

the amputee to intuitively control the prosthetic hand. It also
endows the prosthetic hand with the reflex ability to adaptively
control the grasping force to simultaneously prevent slip-
ping and minimize the deformation of objects with unknown
shapes, weight, roughness, and softness. Experiments found
that the myoelectrical prosthetic hand has grasping force
adaptive adjustment and slip prevention ability and provides
improved grasping compared to prosthetics with traditional
open-loop control.
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