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Abstract—The ability of a novel biorealistic hand 

prosthesis for grasp force control reveals improved neural 
compatibility between the human-prosthetic interaction. The 
primary purpose here was to validate a virtual training 
platform for amputee subjects and evaluate the respective 
roles of visual and tactile information in fundamental force 
control tasks. We developed a digital twin of tendon-driven 
prosthetic hand in the MuJoCo environment. Biorealistic 
controllers emulated a pair of antagonistic muscles 
controlling the index finger of the virtual hand by surface 
electromyographic (sEMG) signals from amputees’ residual 
forearm muscles. Grasp force information was transmitted to 
amputees through evoked tactile sensation (ETS) feedback. 
Six forearm amputees participated in force tracking and 
holding tasks under different feedback conditions or using 
their intact hands. Test results showed that visual feedback 
played a predominant role than ETS feedback in force 
tracking and holding tasks. However, in the absence of visual 
feedback during the force holding task, ETS feedback 
significantly enhanced motor performance compared to 
feedforward control alone. Thus, ETS feedback still supplied 
reliable sensory information to facilitate amputee’s ability of 
stable grasp force control. The effects of tactile and visual 
feedback on force control were subject-specific when both 
types of feedback were provided simultaneously. Amputees 
were able to integrate visual and tactile information to the 
biorealistic controllers and achieve a good sensorimotor 
performance in grasp force regulation. The virtual platform 
may provide a training paradigm for amputees to adapt the 
biorealistic hand controller and ETS feedback optimally. 

 
Index Terms— Digital twin, virtual prosthesis, biorealistic 

control, evoked tactile sensation, multi-sensory integration. 

I. INTRODUCTION 

The human hand can accomplish numerous dexterous 

manipulations with ease. For forearm amputees, their sensorimotor 

pathways from brain to the hand have been completely severed 

after amputation. Myoelectric prostheses are currently a relatively 

mature solution for amputees to restore motor function of 

amputated limb and return to normal life [1]. Commercial 
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myoelectric prostheses collect surface electromyography (sEMG) 

signals from antagonistic muscles, decoding signals through 

conventional proportional control [2], [3] or emerging machine 

learning strategies [4], [5], then driving multiple motors to achieve 

switching the aperture of the artificial hand or manipulating fingers 

to grasp objects. Hence, commercial myoelectric prostheses are 

able to furnish basic motor functions to restore feedforward 

pathway from brain to the artificial hand. However, the majority of 

commercial prostheses lack sensory feedback mechanisms to offer 

tactile information to the user [6].  

In general, a large variety of neural interface techniques, 

including invasively and/or non-invasively, have been explored to 

facilitate the communicating of sensory information to amputees 

[7]–[11]. Invasive techniques utilize implanted microelectrodes to 

directly stimulate the cerebral somatosensory cortex [12], spinal 

cord [13], and peripheral nerves [14]. Mechanical stimulation or 

transcutaneous electrical nerve stimulation (TENS) non-invasively 

stimulates receptors and nerve endings under the skin to generate 

sensory signals [15]–[18]. These sensory feedback techniques 

have been demonstrated to significantly improve the recognition of 

object features, such as length [8], [19], size [20], compliance [21], 

and even texture [22], providing amputees with a sense of ‘touch’ 

while grasping objects. However, the question of whether the 

reconstructed tactile feedback loop can facilitate motor control in 

the artificial hand remains controversial [18]. 

Research has demonstrated that the addition of  tactile feedback 

assists amputees in better controlling applied force in force control 

and daily tasks [18], [23]–[27], while others found the use of 

closed-loop prosthetic hand does not substantially enhance task 

performance [28]–[31], especially when vision is available [28], 

[30], [31]. These distinct outcomes stem from several factors, 

including the integration of vision and touch, the difficulty of 

selected tasks, diverse myoelectric control approaches, and the 

duration of prosthesis training. Vision plays a crucial role in 

providing feedback to amputees during their daily manipulation of 

objects [32]. It allows amputees to monitor the grip state and make 
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real-time adjustments. However, it cannot completely substitute 

tactile feedback due to potential visual obstruction or in some 

scenes to grasp delicate objects [23]. The role of vision in different 

tasks and the ability of amputees to integrate visual and tactile 

information for feedforward control are different, which leads to 

the inconsistencies in the efficacy of tactile feedback for 

performance enhancement. Furthermore, tactile feedback to 

enhance motor performance is also limited by myoelectric control 

strategies. If the control strategy fails to accurately decode motor 

intentions, it may result in the prosthetic hand moving to inaccurate 

positions or applying inaccurate forces, rendering the perceived 

state irrelevant. If the prosthesis hand already provides satisfactory 

feedforward control with optimal performance, then the potential 

for motor performance improvement through artificial tactile 

feedback is constrained [27]. 

Recently, a biorealistic control approach that emulates 

neuromuscular reflex control of human upper limb system based 

on computational models has been used in prosthetic control [33], 

[34], [35]. The biorealistic control prosthetic hand could recapture 

human-like neuromuscular properties in the virtual 

environment [33], and has been verified to have more superior 

performance in evaluations of force control and functional tasks 

compared to traditional proportional control, particularly in 

more delicate tasks [34], [35]. Meanwhile, a unique non-invasive 

approach using TENS has also been extensively studied in many 

years [16], [36], [37]. Electrical stimulation on  the projected 

finger map (PFM) area of the amputee’s stump could directly 

induce finger-special evoked tactile sensations (ETS) [36], and 

elicit the corresponding response in the somatosensory cortex to 

establish a natural sensory feedback pathway [36]. Here we 

developed an integrated prosthesis training platform with an ETS-

based somatotopic sensory feedback and biorealistic control 

approach in the virtual environment. The goal of this study was to 

systematically assess the effectiveness of sensory feedback in 

enhancing motor control and investigate the roles of tactile and 

visual feedback in closed-loop force control tasks without prior 

training. Two representative force control tasks also used in other 

literature were examined for six forearm amputees to evaluate 

closed-loop force tracking and holding using the virtual prosthetic 

hand. These tasks could also serve as a means to learn the 

biorealistic controller in future training. Preliminary assessments 

have been published in [38]. 

II. MATERIALS AND METHODS 

A. Subject Recruitment 

Six unilateral forearm subjects were recruited to participate in 

this study (six males, age range: 48-69). Detailed clinical 

information of amputee subjects was listed in Table I. The stumps 

of all subjects were preserved at or above the elbow, allowing for 
the functionality of their residual flexor carpi ulnaris (FCU) and 

extensor carpi ulnaris (ECU) muscles. Only Subject 2 and Subject 

3 (S2 and S3) had a moderate level of experience in myoelectric 

prosthesis control. Both S2 and S3 are daily users of myoelectric 

prosthesis, which S2 wore his myoelectric prosthetic hand for 

3-4 hours of the workday while S3 wore his myoelectric 

prosthetic hand for 5-6 hours a day on weekdays. Despite the 

TABLE I 

CLINICAL INFORMATION OF AMPUTEE SUBJECTS 

 
difference in the duration after amputation (11 years for S2 and 

only 3 years for S3), both S2 and S3 have considerable practical 

experience in grasping objects using their own myoelectric 

prostheses. All subjects reported they had no neurological disease 

or cognitive disabilities and had normal or corrected-to-normal 

vision. In each task under the healthy hand control, each subject 

grasped the object by pinching it between their thumb and index 

finger using their healthy hand, except for S3. Since the index 

finger of S3’s healthy intact hand had been injured by a sickle and 

was unable to perform complex functional tasks, S3 used the 

middle finger instead of the index finger under the healthy hand 

control. All subjects were informed about experimental protocols 

and signed the consent form before joining the study. This study 

was approved by the Institutional Review Board for Human 

Research Protections, Shanghai Jiao Tong University (IRB 

number: E2020021I). 

B. Integration of the Sensorial and Biorealistic Virtual 
Prothesis 

The overview of the integrated virtual prosthetic hand training 

system was shown in Fig. 1. The subject collected sEMG signals 

from residual muscles to control the virtual hand to grasp an object 

by biorealistic control in the virtual environment. Contact force 

information on the fingertip was transmitted to the amputee 

through the ETS feedback, allowing the subject to adjust the grasp 

force in real time to complete tasks displayed on the screen. 

The virtual prosthetic hand was developed in the MuJoCo 

(Version 2.0) environment. It was modified from the provided 

vMPL hand (Johns Hopkins Applied Physics Lab, Laurel, MD), 

and tendon-driven structure was added to fit the neuromorphic 

control. There were 14 hinge joints of the virtual hand as knuckles, 

two on the thumb and three on each of the other fingers. Each hinge 

joint had only one degree of freedom, with the rotation axis of the 

joint parallel to the palm side, enabling finger flexion or extension. 

Each finger had two tendons, starting from the forearm and 

extending to the tip of each finger, connecting all finger joints 

according to the anatomy of hand musculature [39]. The 

calculated neuromorphic muscle forces were acted on 

Subject Age Sex 
Amputation 

level and side 
Cause 

Year since 

amputation 

Dominant 

hand 

Myoelectric 

prosthesis 

experience 

S1 69 Male 

Left distal 

third of 

forearm 

Trauma 16 Right None 

S2 58 Male 

Right distal 

third of 

forearm 

Trauma 11 Right 

Yes 

(moderate 

level) 

S3 48 Male 

Right distal 

third of 

forearm 

Trauma 3 Right 

Yes 

(moderate 

level) 

S4 65 Male 

Right distal 

third of 

forearm 

Trauma 37 Right None 

S5 58 Male At right wrist Trauma 43 Right None 

S6 69 Male 

Left distal 

third of 

forearm 

Trauma 47 Right None 
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Fig. 1. Overview of the integrated virtual prosthetic hand training system. 
The top panel presents an amputee controlled the virtual hand to grasp 
a wooden block using biorealistic control and perceived the grasping 

force by ETS feedback, or grasped the same sized block using the intact 
healthy hand in the real scenario to complete the force control task 
showing in the screen. The bottom panel presents the block diagram of 

a pair of antagonistic neuromorphic reflex models. 
antagonistic tendons to control the movement of the finger.  

When the flexor tendon was pulled by flexor force, all finger joints 

rotated together towards the palmar side of the hand, causing 

flexion of the digit. While the extensor tendon was pulled by 

extensor force, all finger joints rotated in the opposite direction, 

causing extension of the digit. Thus, the movement of one-freedom 

flexion/extension was achieved through the combined action of a 

pair of antagonistic muscles. The maximum limit of muscle force 

was set at approximately 200 N. Further details about the 

construction of the virtual prosthetic hand was provided in our 

published article [33].  

In the control loop of the virtual prosthesis system, two sEMG 

electrodes were attached at the residual FCU muscle and ECU 

muscle on the amputee’s stump. The signal processing module 

collected raw sEMG signals by sEMG electrodes, removed 

stimulated artifacts from TENS in real time by hardware blanking 

and software filtering [40]. The filtered sEMG signal was imported 

to the biorealistic controller as an excitatory postsynaptic current, 

which was superimposed with a Gaussian noise and distributed to 

several motoneuron pools following Henneman’s size principle 

[41]. The activated motoneuron spiking signals drove skeletal 

muscles to generate muscle force based on muscle activation 

dynamics and viscoelastic characteristics [42]. Meanwhile, the 

mammalian spindle model modulated the sensitivity by gamma 

static and gamma dynamic fusimotor fibers [43] and accepted the 

information about muscle lengthening to send Group Ia afferents 

back to the motoneuron pools to modulate the muscle force [44] 

(bottom panel in Fig. 1). Each biorealistic controller including 

spinal reflex models was implemented on a programmable Very-

Large-Scale-Integration (VLSI) using FPGA chips (Xilinx 

Spartan-6) [45] to calculate the real-time muscle force. Finally, the 

total muscle output forces from a pair of biorealistic controllers 

were actuated on the antagonistic virtual tendons to control the 

movement of the virtual prosthetic hand. The biorealistic controller 

was already validated in the virtual prosthetic hand [33]. 

In the sensory loop of the virtual prosthesis system, contact force 

information from contact sensor attached at the fingertip of the 

virtual index finger, or force sensor (FlexiForce A301, Tekscan Inc, 

the United States) pressed by the index finger of the healthy hand 

in the real scenario was encoded into biphasic, charge balanced, 

cathodic-first, rectangular electrical pulse trains by a self-

developed multi-channel electrical stimulator [36] (Fig. 1). The 

pulse trains were transmitted into amputees via surface stimulation 

electrodes attached to the PFM area of the stump skin to elicit the 

evoked tactile sensation of the index finger. When the fingertip 

contact force was increased, the amputees were able to experience 

a stronger electrotactile sensation through ETS feedback. The 

stimulation electrode was a disk Ag/AgCl powered sintered 

electrode [46] with 10 mm diameter, and the 5-cm diameter non-

woven fabric circular electrode (Yancheng Dalun Medical 

Equipment Co. Ltd, China) was used as the reference electrode, 

which located near the elbow on the amputation side.  

C. Sensory Feedback Encoding 

The perception of lost fingers in selected forearm amputees can 

be elicited by mechanically and electrically stimulation of specific 

stump regions. We poked the subject’s stump skin using a blunt 

pen with a 2 mm tip diameter to identify the projected finger map 

(PFM) area by the amputee's verbal report of lost fingers. The most 

sensitivity points (MSP) of projected finger regions were marked 

and the electrical stimulation was applied on them for further 

confirmation that the amputee could feel the ETS at the lost fingers.  

The application of electrical stimulation on the MSP with 

different parameters may elicit various modalities of evoked 

sensations on amputees, including touch, vibration, buzz, numb, 

tinging, etc [16]. The buzz sensation modality was not a natural 

and intuitive force sensation, we chose it to encode the force 

information because all six amputee subjects were able to feel this 

modality and it had a wider range of pulse width modulation [37]. 

The feedback calibration on each individual subject was 

performed through a fixed calibration protocol [37]. A linear 

pulse width modulation strategy of electrical stimulation was 

utilized to map contact force information, with a fixed frequency 

of 50 Hz and a personalized amplitude. The personalized 

amplitude was chosen at which the buzz sensation was perceived 

under the fixed frequency (50 Hz) and pulse width (200 μs). 

Under the selected amplitude and fixed frequency (50 Hz), the 

experimenter adjusted the pulse width to gradually increase 

from 10 μs with a step of 20~60 μs to find the appropriate 

coding range of pulse width. The smaller step (20 μs) was used 

to accurately determine the minimum and maximum pulse 

width, and the larger step (60 μs) was used to traverse rapidly in 

the intermediate regions. The pulse width was linearly proportional 

to contact force as follows: 
𝑃𝑊 = 0,                                                                𝐹 < 𝐹𝑚𝑖𝑛 

  𝑃𝑊 =
𝑃𝑊𝑚𝑎𝑥 − 𝑃𝑊𝑚𝑖𝑛

𝐹𝑚𝑎𝑥 − 𝐹𝑚𝑖𝑛

∗ (𝐹 − 𝐹𝑚𝑖𝑛) + 𝑃𝑊𝑚𝑖𝑛 ,   𝐹𝑚𝑖𝑛 ≤  𝐹 < 𝐹𝑚𝑎𝑥          (1) 
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𝑃𝑊 = 𝑃𝑊𝑚𝑎𝑥  ,                                                     𝐹 ≥ 𝐹𝑚𝑎𝑥  

Where 𝑃𝑊 represented the pulse width of electrical pulse trains. 

𝑃𝑊𝑚𝑖𝑛 represented the minimal pulse width of electrical pulse trains 

and was set to the value when the subject could just feel the buzz 

sensation. 𝑃𝑊𝑚𝑎𝑥 represented the maximal pulse width of electrical 

pulse trains and was set to the previous value when the subject 

could just feel the uncomfortable or pain sensation. 

𝐹 represented the collected force by force sensors. 𝐹𝑚𝑖𝑛  was the 

minimum force set at 0 N, and 𝐹𝑚𝑎𝑥  was the maximum force set at 

9 N for wider range of pulse width modulation.  

D. Force Control Evaluation 

Each amputee was seated in a comfortable chair, facing a screen 

which showed the task scene in front of 60 cm. The amputee was 

asked to participate in two force control tasks: (1) Force tracking 

task; (2) Force holding task. In each task, the participant was asked 

to control the virtual prosthetic hand using the residual muscles on 

the amputation side to grasp a 7*5*10 cm3 sized virtual wooden 

block to generate corresponding fingertip contact forces according 

to different experimental requirements under various sensory 

feedback conditions, as illustrated in Fig. 1. In an alternative 

control condition, the amputee grasped a wooden block of the 

equivalent size as the virtual item using the healthy hand in the real 

scenario to complete the corresponding task as the best criterion 

(Fig .1). The information of grasping force which was generated 

by the subject was transmitted to the amputee by visual or 

electrotactile feedback. Each subject was asked to only look at the 

screen showing the task scene when visual feedback was present. 

In order to ensure that amputees completed the task with 

comparable difficulty using the amputated side and the healthy 

hand, the maximum neuromorphic muscle force of the virtual 

prosthetic hand could be fine-tuned as necessary so that the 

maximum grasping force generated on the amputated side was 

comparable to the maximum force generated by the health hand 

under the muscle maximum voluntary contraction (MVC). The 

generated maximum grasping force by the virtual prosthetic hand 

and the intact hand was shown in Table II.  
TABLE II 

THE GENERATED MAXIMUM FORCES OF THE VIRTUAL HAND AND THE INTACT 

HEALTHY HAND BY ALL SUBJECTS 

 
Detailed experimental design was shown as follows: 

(1) Force tracking task 

The force tracking task assesses amputees' ability to promptly 

adjust grasping force to follow the target. In the force tracking task, 

the subject was instructed to control the grasping force to pursue 

the increasing target force by the real-time visual feedback. The 

scene of the force tracking experiment was shown in Fig. 2(A). The 

whole task was divided into two phases: the preparation phase and 

the tracking phase. In the preparation phase, the target force was 

maintained at 1 N. In the tracking phase, the target force continued 

to be maintained at 1 N for 1.5 s, then increased linearly from 1 N 

to 6 N over 6 s, and continued to be maintained at 6 N for more 

than 1.5 s. The subject needed to control the grasping force to 

follow the target force in real time. 

Considering that the rising trajectory of the target force was 

relatively clear, we adjusted the ascending node of the target force 

at 3rd s or 4th s for 50% probability in order to prevent subjects 

from increasing the grasping force in advance when being familiar 

with the target trajectory after several trials. The random nature of 

the ascending node prevented amputees from predicting when to 

begin tracking the target even if the trajectory was memorized, so 

visual feedback is necessary in the force tracking task. The force 

tracking task was performed by amputees under three different 

experimental conditions, namely biorealistic control with visual 

and tactile feedback (B_VT), biorealistic control with visual 

feedback (B_V) and healthy hand control with visual and tactile 

feedback (H_VT). 

(2) Force holding task 

The force holding task mimics a scenario of grasping fragile 

objects in daily lives. In the force holding task, the subject was 

asked to control the grasping force to maintain a level comparable 

to the fixed target force (6 N), and not exceeding the breaking force 

(8 N) or less than the slipping force (4 N). The whole scene of the 

force holding task was illustrated in Fig. 2(B). In the preparation 

phase, the target force kept on 1 N and the subject was asked to 

control the virtual index finger gently touch the wooden block to 

generate a smaller grasping force. Then the target force 

immediately stepped to 6 N at the beginning of adjustment phase 

and kept on the 6 N until the end of the task. The grasping force 

was adjusted by the subject to rapidly increased from around 1 N 

to around the target force within 2 s in the adjustment phase and 

remained around the target force between the slipping force and 

breaking force for 4 s in the holding phase. The step moment of 

each trial was randomly assigned at the 3rd and 4th s for 50% 

probability to prevent the subject from adapting the trajectory of 

the target force. The whole holding task was conducted under five 

experimental conditions, including biorealistic control with visual 

and tactile feedback (B_VT), biorealistic control with visual 

feedback (B_V), biorealistic control with tactile feedback (B_T), 

biorealistic control with no feedback (B_N) and healthy hand 

control with visual and tactile feedback (H_VT). Under the B_T 

 
Fig. 2. Task scenes of the force tracking task (A) and force holding task 
(B), developed in the IntelliJ IDEA (Version 2019.3.3).  

Subject 

Force generated by the 

virtual hand at 100% 

MVC (N) 

Force generated by the 

intact healthy hand at 

100% MVC (N) 

S1 15.5 15.7 

S2 15.5 15.3 

S3 12.4 10.7 

S4 11.5 11.8 

S5 13.8 14.2 

S6 16.0 14.9 
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and B_N conditions, the generated grasping force of the subject 

would be invisible after the preparation phase ended, the subject 

would not rely on visual feedback to adjust and maintain the 

grasping force. The trial was marked as a success if the grasping 

force did not exceed the breaking force throughout the whole 

process and the grasping force did not fall below the slipping force 

at the holding phase. At the end of each trial, the amputee was not 

told whether this trail was successful or failed, so there was no 

outcome feedback to help the amputee adjust grasping force for the 

next trial. 

Prior to starting the experiment under each experimental 

condition, the subjects performed a short familiarization session 

(~5 minutes) to study the sensorimotor integration and familiarize 

the task requirements. In each task, H_VT condition was easiest to 

perform first, the order of B_VT and B_V conditions in the force 

tracking task and the order of B_VT, B_V and B_T conditions in 

the force holding task was randomized to avoid feedback 

conditions enabled the subject to create an internal model that can 

facilitate feedforward control.  B_N condition in the force holding 

task was last to perform because it was hardest and only had 

feedforward control. Twenty trials were performed under each 

experimental condition for both force control tasks. The 20 trials 

were divided into 4 blocks, and each block contained 5 trials. After 

completing each block, the subject would take a 2-minute break to 

prevent fatigue. For the start of each block, two or three practice 

trials would help the participant become familiar with the feedback 

conditions and then continued performing formal trials. 

E. Performance Metrics 

In order to quantify the motor performance of the prosthetic 

hand under different feedback conditions, some outcome metrics 

were accessed as follows: 

(1) Root-mean-square Error (RMSE) 

The RMSE between the target force and grasping force was 

calculated as follows: 

                       𝑅𝑀𝑆𝐸(𝑛) = √
1

𝑇
∑ (𝐺𝐹(𝑛, 𝑡) − 𝑇𝐹(𝑛, 𝑡))2𝑡=𝑇

𝑡=0                                (2) 

where 𝐺𝐹 and 𝑇𝐹 represented the grasping force and target force, 

𝑛  was the trial number, 𝑇  denoted the force duration, which 

referred to the tracking phase in the tracking task and the holding 

phase in the holding task.  

(2) Success Metrics and Success Rate 

In the force holding task, each trial from all the subjects could 

be assessed with a binomial outcome of Success (0-Failed, 1-

Succeeded). The success rate of completing the force holding task 

under different experimental conditions was also calculated. 

(3) Force Correlation 

The cross-correlation between the generated grasping force 

under different experimental conditions and mean grasping force 

under H_VT condition of each subject was computed to quantify 

the compatibility with the intact hand under different experimental 

conditions. The computational formula was as follows: 

 

                                   𝐺𝐹𝐻_𝑉𝑇(𝑡) =  
1

𝑁
∑ 𝐺𝐹𝐻_𝑉𝑇

𝑛=𝑁
𝑛=1 (𝑛, 𝑡)                                   (3) 

𝐹𝑜𝑟𝑐𝑒 𝐶𝑜𝑟𝑟𝑒𝑙𝑎𝑡𝑖𝑜𝑛(𝑛) =

                     
∑ ((𝐺𝐹(𝑛,𝑡)− 

1

𝑇
∑ 𝐺𝐹𝑡=𝑇

𝑡=0 (𝑛,𝑡))𝑡=𝑇
𝑡=0 ∙(𝐺𝐹𝐻_𝑉𝑇(𝑡)− 

1

𝑇
∑ 𝐺𝐹𝐻_𝑉𝑇(𝑡)𝑡=𝑇

𝑡=0 ))

√∑ (𝐺𝐹(𝑛,𝑡)− 
1

𝑇
∑ 𝐺𝐹𝑡=𝑇

𝑡=0 (𝑛,𝑡))2𝑡=𝑇
𝑡=0 ∙√∑ (𝐺𝐹𝐻_𝑉𝑇(𝑡)−

1

𝑇
∑ 𝐺𝐹𝐻_𝑉𝑇(𝑡)𝑡=𝑇

𝑡=0 )2𝑡=𝑇
𝑡=0

             (4) 

where both 𝐺𝐹𝐻_𝑉𝑇  and 𝐺𝐹 characterized the grasping force, the 

former indicated the grasping force under H_VT condition and the 

latter indicated the grasping force under any experimental 

conditions. 𝑁 and 𝑛 represented the total number of trials and trial 

number. 𝑇  denoted the force duration, which referred to the 

tracking phase in the tracking task and the period from 1.5 s before 

the adjustment phase to the end of the holding phase in the holding 

task.   

F. Statistical Analysis 

All data processing was done using MATLAB (R2021a, 

MathWorks Inc., Natick, MA) and the statistical analysis was 

carried out with IBM SPSS Statistics, version 26.0. Since no 

dataset passed the one-sample Kolmogorov-Smirnov test, 

indicating the dataset was not normally distributed, the results are 

reported as median values.  

The RMSE, success rate and force correlation indices for overall 

and individual subjects were first ranked and then analyzed using 

Friedman’s rank test to evaluate between-group variation under 

different experimental conditions. Since the success or failure of 

one trial was a binomial variable, the success matrix under different 

experimental conditions was analyzed with Pearson's chi-squared 

test. All statistical and correlation analyses were run with 

significance as p < 0.05. Post hoc comparisons with a Bonferroni-

correction assessed the pairwise differences after Friedman’s rank 

test and Pearson's chi-squared test. 

III. RESULTS 

A. Performance in the Force Tracking Task 

The representative average grasping force profiles from S1 

under different experimental conditions in the force tracking task 

were shown in Fig. 3(A)-(C). The shadow area of average grasping 

force under H_VT condition appeared to be smaller than those 

under B_VT and B_V conditions (Fig. 3(A)-(C)), which indicated 

that the variability of the grasping force controlled by the healthy 

hand was less and the grasping force was closer to the target force 

in the tracking phase. 

The amputees were able to complete the tracking task on the 

amputation side relatively good, but there was still a certain gap 

with the healthy hand control in RMSE (Fig. 3(D)) and force 

correlation (Fig. 3(F)). Separate comparisons of two conditions 

that used biorealistic control on the amputation side were 

illustrated in Fig. 3(E) and Fig. 3(G). The results of RMSE under 

the B_VT and B_V conditions showed that the additional tactile 

feedback seemed to have no effect on the motor performance 

across all six subjects when visual feedback was always present 

(Fig. 3(E)), but for each individual subject, the effect of tactile 

feedback may be completely different. As seen in Fig. 3(E), RMSE 

of S1, S2 and S3 under B_VT condition was significantly greater 

than that under B_V condition, while the opposite was true for S4, 

S5 and S6. Similar results occurred for the index of force 

correlation (Fig. 3(G)). There was no significantly different of 

force correlation across all subjects between B_VT and B_V 

conditions (Fig. 3(G)). For individual subjects, S1 and S3 had 

better force correlation under B_V condition, while S4, S5 and S6 

did better under the B_VT condition (Fig .3(G)).  
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Fig. 3. Motor performance in the force tracking task. Generated grasping 
forces of 20 trials (mean ± std) by S1 under B_VT condition (A), B_V 
condition (B) and H_VT condition (C) in the force tracking task. (D). The 

comparison of RMSE across all subjects under B_VT, B_V and H_VT 
conditions. (E). The comparison of RMSE under B_VT and B_V 
conditions. (F). The comparison of force correlation across all subjects 

under B_VT, B_V and H_VT conditions. (G). The comparison of force 
correlation under B_VT and B_V conditions. The statistical difference is 
presented by ‘*’ (p<0.05), ‘**’ (p<0.01) or ‘***’ (p<0.001). 

B. Performance in the Force Holding Task 

The grasping forces of 20 trials controlled by S1 under different 

experimental conditions in the holding task were presented in Fig. 

4(A)-(E). The shadow area under H_VT condition was smallest in 

the holding task (Fig.4(C)), which presented that the force stability 

controlled by the healthy hand may be better than the amputated 

limb. Fig. 4(E) showed that the shadow area under B_N condition 

looked larger than that under the other conditions and had a 

tendency to decrease over time. 

Three indexes about RMSE, success rate and force correlation 

were evaluated in the force holding task. The RMSE of all six 

subjects under H_VT condition was smaller than that under the 

other conditions when using biorealistic control on the amputated 

side, and the Friedman’s rank test revealed that there was a 

significant different between B_T condition and H_VT condition, 

and between B_N condition and H_VT condition (Fig. 5(A)). 

 
Fig. 4. Generated grasping forces of 20 trials (mean ± std) by S1 under 
B_VT condition (A), B_V condition (B), H_VT condition (C), B_T 
condition (D) and B_N condition (E) in the force holding task. 

Since the motor performance on the healthy hand control was 

much better than that used biorealistic control on the amputated 

side, the effects of different feedback conditions on force control 

ability on the amputation side were overwhelmed when H_VT 

condition was present, hence we compared the four conditions that 

used biorealistic control on the amputated side to evaluate effects 

of different feedback conditions on force holding. As seen in Fig. 

5(B), when visual feedback was present, there was no significant 

difference across all subjects in RMSE under B_VT and B_V 

conditions, which indicated that adding tactile feedback did not 

significantly improve the stability of the grasping force when 

visual information was available. However, the results for 

individual subjects were inconsistent with the overall results. 

Observing individual subjects, we found that both subjects with 

myoelectric control experience (MCE), namely S2 and S3, as well 

as S4, had a greater RMSE under B_VT condition than that under 

B_V condition (Fig. 5(C)), while two of four persons (S1 and S5) 

who have no MCE presented the RMSE under B_VT condition 

significantly smaller than that under B_V condition (Fig. 5(C)). 

When visual feedback was blocked, RMSE under B_T 

condition was significantly smaller than that under B_N condition 

across all subjects (Fig .5(C)). For individual subjects, two of the 

four subjects without MCE (S1 and S4) and S3 with MCE had a 

lower RMSE under B_T condition compared to that under B_N 

condition, and only S2 performed better under B_N condition with 

a lower RMSE (Fig. 5(C)). 

At the same time, we also evaluated the effects of visual 

feedback and tactile feedback individually on the promoting of the 

steady grasping force by post hoc pairwise comparisons. Fig. 5(B) 

showed that the RMSE under B_V condition was significantly 

lower across all subjects compared to that under B_T condition. 

For each subject individually, S2, S3 and S6 had a smaller RMSE 

under B_T conditions compare of that under B_N conditions (Fig. 

5(C)). 

 
Fig. 5. The RMSE between grasping force and target force in the force 

holding task. (A). The comparison of RMSE across all subjects under 

B_VT, B_V, B_T, B_N and H_VT conditions (B). The comparison of 

RMSE across all subjects under conditions with biorealistic control, 

including B_VT, B_V, B_T and B_N conditions. (C). The comparison of 

RMSE for individual subjects under conditions with biorealistic control, 

including B_VT, B_V, B_T and B_N conditions. The statistical difference 

is presented by ‘*’ (p<0.05), ‘**’ (p<0.01) or ‘***’ (p<0.001). 

This article has been accepted for publication in IEEE Transactions on Neural Systems and Rehabilitation Engineering. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/TNSRE.2024.3439722

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/



7 
 
 

 
Fig. 6. Motor performance of success metrics and success rate in the 

force holding task. (A). The comparison of success metrics under B_VT, 

B_V, B_T, B_N and H_VT conditions. (B). The comparison of success 

rate under conditions with biorealistic control, including B_VT, B_V, B_T 

and B_N conditions. The statistical difference is presented by ‘*’ 

(p<0.05), ‘**’ (p<0.01) or ‘***’ (p<0.001). 

The success rate reflected the subject’s subjective level of care 

as well as the objective ability of the force control stability. The 

results showed that when using the healthy hand control with visual 

and tactile feedback, all subjects were able to perform the task with 

almost 100% success rate, except for occasional small error (Fig. 

6(A)), whereas for the amputated side control, the best 

performance of the amputee was only 75% success rate (Fig. 6(B)). 

The binomial outcomes of successful trials were illustrated in Fig. 

6(A). The number of successful trials under H_VT condition was 

significantly greater than that under all other conditions by 

Pearson’s chi-squared test with Bonferroni correction (Fig. 6(A)). 

The number of successful trials under B_VT and B_V conditions 

had the same distribution and they were both significantly more 

than that under B_T and B_N conditions (Fig. 6(A)). The number 

of successful trials under B_T condition was also more than that 

under B_N condition significantly (Fig. 6(A)). Friedman’s rank 

test was used to evaluate the success rate of all subjects under 

different experimental conditions using biorealistic control on the 

 
Fig. 7. The force correlation between grasping force and mean force 
under H_VT condition in the force holding task. (A). The comparison of 
force correlation across all subjects under B_VT, B_V, B_T, B_N and 

H_VT conditions. (B). The comparison of force correlation across all 
subjects under conditions with biorealistic control, including B_VT, B_V, 
B_T and B_N conditions. (C). The comparison of force correlation for 

individual subjects under conditions with biorealistic control, including 
B_VT, B_V, B_T and B_N conditions. The statistical difference is 
presented by ‘*’ (p<0.05), ‘**’ (p<0.01) or ‘***’ (p<0.001). 

amputation side. There was no significant difference in success rate 

between the B_VT and B_V conditions (Fig. 6(B)). The statistical 

test presented a significant decrease of success rate from B_V 

condition to B_T condition, as well as from B_T condition to B_N 

condition (Fig. 6(B)). For individual subjects, all subjects had a 

decreased success rate from B_V condition to B_T condition, as 

well as from B_T condition to B_N condition, except for S2 who 

was remained flat with only tactile feedback and without any 

feedback (Fig. 6(B)). 

The index of force correlation reflected the compatibility with 

the intact hand under different experimental conditions. There was 

a significant difference in force correlation between the H_VT and 

B_N conditions (Fig. 7(A)). Friedman’s rank test examined that 

there was no significant difference in force correlation under B_VT 

and B_V conditions, and force correlation under B_N condition 

was smaller than that under B_VT, B_V, B_T conditions (Fig. 

7(B)). For individual subjects, the force correlation of S2 and S6 

under B_VT condition was significantly greater than that under 

B_V condition, while the opposite was true for S1, S3 and S4 (Fig. 

7(C)). When visual feedback was blocked, the force correlation of 

S4 and S6 under B_T condition was significantly greater than that 

under B_N conditions (Fig. 7(C)). In the comparison of B_V and 

B_T conditions, S1, S2 and S3 had a higher force correlation under 

B_V condition, while the opposite was true for S5 and S6 (Fig. 

7(C)). 

IV. DISCUSSION 

Prosthetic hand is an important motor rehabilitation system for 

amputees to complete many complex and dexterous functions. 

Recently, a novel concept was proposed to improve the 

functionality of the prosthetic hands by maximizing its neural 

compatibility with the sensorimotor system of users [47]. Several 

studies have demonstrated that the sensory or control approaches 

with improved neural compatibility perform better in their 

respective prosthetic tasks [34]–[36], [48]. Based on this point of 

view, in this study, we developed a virtual prosthetic hand training 

platform with biorealistic control approach and ETS-based 

somatotopic sensory feedback, evaluated the effect of various 

sensory feedback in enhancing motor control and investigated 

respective roles in visual and tactile feedback in the closed-loop 

force tracking and holding tasks. This training platform could be 

examined through the basic force control tasks and train amputees 

to operate the biorealistic controller and ETS feedback 

optimally. 

This study investigated the role of visual and tactile feedback in 

closed-loop force tracking and maintaining on the integrated 

virtual training platform. All six forearm amputee subjects were 

able to complete these two representative force control tasks. In the 

force tracking task, the subjects were required to generate grasping 

forces that followed the changed target force in real time. In the 

force holding task, the target force was constant and the subjects 

were asked to maintain a force close to the target for 4 s, not 

exceeding the breaking force or falling below the slipping force. 

The information of the grasping force was transmitted to 

subjects by visual or electrotactile feedback. Different feedback 

conditions were employed for the two force control tasks. The 
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force tracking task was designed to only include experimental 

conditions when visual feedback was always present, because 

the random nature of the ascending node from target trajectory 

prevented amputees from predicting when to begin tracking the 

target even if the trajectory was memorized. However, adding 

no feedback condition and tactile-only feedback condition in 

the force tracking task is closed to the scenes in clinical 

applications and can make a good comparison. This 

comparative evaluation should be considered in future studies 

in relation to training amputee users. 

Although the requirements and feedback conditions of these two 

force control tasks are different. However, in the presence of visual 

feedback, the results of both tasks with biorealistic control on the 

amputation side were quite similar. The additional tactile feedback 

did not enhance the performance of force tracking and holding 

tasks under visual feedback present in all subjects (Fig. 3(E) and 

Fig. 5(B)), which is similar to some previous studies [28], [30], 

[31], yet had different results in individual subjects. On two force 

control tasks, both subjects with MCE (S2 and S3) had better 

performance when visual-only feedback was available compared 

to that when both visual and tactile feedback was present (Fig. 3(E), 

Fig. 5(C)), whereas the majority of subjects without MCE were in 

favor of more feedback pathways to promote better performance 

(Fig. 3(E), Fig. 5(C)). This may indicate that two populations of 

people in possession of different internal models of control and 

sensation to deal with force control tasks [49], [50]. For those with 

extensive MCE of prosthesis, they are accustomed to relying on 

visual feedback to perform various operations with their 

customized myoelectric prosthesis in daily use. Thousands of 

myoelectric prosthetic hand use in daily lives have led to 

involuntarily establish an internal model of myoelectric control and 

visual feedback in prosthesis. Hence, amputees with MCE could 

quickly get the hang of biorealistic control approach using residual 

sEMG signals and achieve a more favorable performance under 

visual feedback in force tracking and holding tasks. When the 

tactile information was added without training, tactile feedback 

was not effectively integrated to form a new internal model with 

multi-modality sensory loop, so the redundant tactile information 

may interfere with the original internal model to reduce the motor 

performance. This is exactly the opposite reflected in subjects who 

are without MCE. They wore cosmetic hands in daily lives without 

functional use. Subjects without MCE could quickly learn the 

additional tactile feedback and integrated it with visual feedback to 

apply them into feedforward control in different tasks. 

For the force holding task, we also evaluated the subject’s motor 

performance under tactile-only feedback condition and under no 

feedback condition when visual feedback was blocked. Under no 

feedback condition, the amputees completed the task in formal 

experiments by memorizing the muscle activation in the 

familiarization session. The virtual environment also ruled out the 

proprioception that can be felt through the wearable socket 

connected to the prosthetic hand. In the absence of any feedback 

information, subjects could accomplish the force holding task with 

an average success rate of 17.5% through biorealistic feedforward 

control alone (Fig. 6(B)). We found there was a decrease in 

grasping force over time in some trials at the end of the holding 

task, as seen in Fig. 4(E), suggesting that it is difficult to maintain 

a stable muscle contraction for a long time with feedforward 

control alone [51], [52], which is one of the reasons for the low 

success rate. When tactile feedback was added without visual 

information, motor performance and behavioral correlation were 

enhanced for the overall subjects (Fig. 5(B), Fig. 6(B) and Fig. 

7(B)), as reflected in the index of RMSE, success rate and force 

correlation, except for S2. This suggests that tactile feedback is a 

reliable source of information [53], [54], amputees can rely on this 

ETS feedback to facilitate motor performance in the force holding 

task and enhances the compatibility of the hand prosthesis to the 

intact hand, which is similar to findings of many studies when 

visual feedback was blocked [18], [23], [31]. S2 exhibited the 

higher RMSE and the same success rate under B_N condition 

compared to those under B_T condition. The anomalous motor 

performance of S2 may stem from his excellent feedforward 

myoelectrical control to stabilize the grasping force in long-term 

daily use, leading him to pay more attention to reproduce 

memorized muscle activation and intentionally refused to integrate 

tactile feedback. Some training is needed for him to better integrate 

tactile feedback to the myoelectric control.  

The motor performance and behavioral correlation under visual-

only feedback was much better that those under tactile-only 

feedback for most subjects (Fig. 5(C), Fig. 6(C) and Fig. 7(C)). 

This finding is in accordance with previous studies on similar tasks 

[23], [53], which suggests that visual feedback is a more effective 

feedback loop than tactile feedback in the force holding task. 

Visual feedback provides high-fidelity information and 

characterized by higher accuracy and greater timeliness compared 

to tactile feedback. In the holding task, the visualizing grasping 

force trajectory provides the most reliable information to the brain 

to help the amputee to make real-time adjustments. On the other 

hand, touch itself is a relatively lower quality feedback loop 

compared with vision, and it is more sensitive to sensory 

modalities and less sensitive to sensory intensity for normal people. 

Moreover, electrotactile stimulation feedback needs a delay of 

several stimulation pulse to perceive the deviation of the current 

state from the target [53]. Hence, under the same conditions, visual 

feedback plays a more valuable role in force control tasks [23], 

[53]. In a recent study, neural evidence also confirms the same 

conclusion that visual feedback played a predominant role 

compared to tactile feedback in a similar force control task by 

electroencephalogram (EEG) recordings on cortical activities [32]. 

Visual feedback in this study established a benchmark for test and 

evaluation and we hope it could help the subject to acquire an 

internal model of the biorealistic controller with electrotactile 

feedback through training in this virtual training platform. 

The generated force trajectories of tracking a ramp or a step 

target force using biorealistic control were compared with those 

using the intact hand control. Although average correlations of 

0.89 in the tracking task and 0.83 in the holding task (Fig. 3(G) and 

Fig. 7(B)) were obtained, the high correlation values might be 

biased by the simple profile of the target trajectory. A target 

trajectory of more variability may be employed in future 

experiments to reveal improved neural compatibility in the 

biorealistic control.  
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This study is the first time to integrate ETS-based somatotopic 

sensory feedback with the biorealistic controller in an integrated 

prosthesis training platform. Two candidate tests of force tracking 

and force holding were used to evaluate the performance of force 

control ability in various sensory feedback conditions. The ETS 

feedback could effective improve the performance of feedforward 

control when vision was blocked. Visual feedback played a 

predominant role than the ETS feedback in force tracking and 

holding tasks, and as a benchmark could help amputees to acquire 

an internal model of the biorealistic controller. These results were 

consistent of the findings of others in previous studies [18], [23-

28], [30], [31], and validated the virtual platform could be as a 

training program for amputees to operate the biorealistic controller 

with the ETS sensory feedback. On the other hand, we also found 

that the effects of feedback were highly subject-specific, and 

may be consistent with experience of myoelectric control. This 

prosthesis training platform in the future is expected to train 

amputees to create an internal model of the biorealistic control 

and ETS feedback to maximize performance. 

Nevertheless, there were still some limitations in this study. First, 

it is limited by the number of amputees who have phenomenon of 

evoked finger sensory, there is not enough to do a group analysis 

of people with and without myoelectric control experience. Hence, 

this study only separately analyzes for each individual subject, 

providing some possible explanations for the effect of myoelectric 

control experience on motor performance. The validated 

conclusions would require the recruitment of more amputee 

subjects in subsequent studies. Second, tactile sensation is not a 

particularly sensitive sensory modality, and the sensitivity of ETS 

feedback is different for each amputee. A pilot experiment needs 

to be carried out to differentiate how many levels of grasping force 

that the amputee could distinguish, ensuring that amputees can 

perceive different electrotactile intensities below the slipping force 

and above the breaking force in the force holding task. Due to the 

limitation of the experiment duration, all subjects were only 

interviewed in the familiarization session and all subjects reported 

that they could perceive the difference in the intensity of the 

electrotactile at the slipping force, target force, and grasping force 

in the force holding task.  

IV. CONCLUSION 

In conclusion, this study developed a digital twin of tendon-

driven prosthetic hand that integrated a pair of antagonistic 

biorealistic controllers and an ETS-based somatotopic sensory 

loop in a virtual training platform, and evaluated the respective 

roles of visual and tactile feedback in the fundamental force control 

tasks with little training. Results showed that visual feedback 

played a predominant role than the ETS feedback in force tracking 

and holding tasks, and the ETS feedback was a reliable sensory 

loop to effective improve the performance of feedforward control 

when visual feedback was not present. We also found that the 

effects of tactile and visual feedback on force control were subject-

specific when both feedback information was provided 

simultaneously. This virtual platform of prosthetic hand may be 

useful in training amputees to create an internal model of the 

biorealistic control and ETS feedback to maximize performance. 

ACKNOWLEDGMENT 

The authors wish to express their gratitude to all subjects for 

their voluntary participation in this study, and to Professor 

Chuanxin M. Niu for his valuable assistance in developing the 

biorealistic controller. 

REFERENCES 

[1] S. P. Arjunan, D. K. Kumar, L. Bueno, J. Villarejo-Mayor, and T. F. 

Bastos-Filho, “Upper-limb prosthetic devices,” in Devices for Mobility and 

Manipulation for People with Reduced Abilities, CRC Press, 2014. 
[2] L. Schmalfuss et al., “A hybrid auricular control system: direct, 

simultaneous, and proportional myoelectric control of two degrees of freedom 

in prosthetic hands,” J. Neural Eng., vol. 15, no. 5, Art. no. 5, Oct. 2018. 

[3] S. Muceli and D. Farina, “Simultaneous and proportional estimation 

of hand kinematics from emg during mirrored movements at multiple degrees-

of-freedom,” IEEE Trans. Neural Syst. Rehabil. Eng., vol. 20, no. 3, Art. no. 3, 

May 2012. 

[4] A. W. Shehata, H. E. Williams, J. S. Hebert, and P. M. Pilarski, 

“Machine learning for the control of prosthetic arms: using electromyographic 

signals for improved performance,” IEEE Signal Process. Mag., vol. 38, no. 4, 

pp. 46–53, Jul. 2021. 

[5] J. M. Hahne et al., “Linear and nonlinear regression techniques for 

simultaneous and proportional myoelectric control,” IEEE Trans. Neural Syst. 

Rehabil. Eng., vol. 22, no. 2, pp. 269–279, Mar. 2014. 

[6] K. H. Ng, V. Nazari, and M. Alam, “Can prosthetic hands mimic a 

healthy human hand?,” Prosthesis, vol. 3, no. 1, Art. no. 1, Jan. 2021. 

[7] I. Cuberovic, A. Gill, L. J. Resnik, D. J. Tyler, and E. L. Graczyk, 

“Learning of artificial sensation through long-term home use of a sensory-

enabled prosthesis,” Front. Neurosci., vol. 13, p. 853, Aug. 2019. 

[8] E. D’Anna et al., “A closed-loop hand prosthesis with simultaneous 

intraneural tactile and position feedback,” Sci. Robot., Feb. 2019. 

[9] J. W. Sensinger and S. Dosen, “A review of sensory feedback in 

upper-limb prostheses from the perspective of human motor control,” Front. 

Neurosci, vol. 14, p. 345, Jan. 

[10] S. N. Flesher et al., “A brain-computer interface that evokes tactile 

sensations improves robotic arm control,” Science, vol. 372, no. 6544, pp. 831–

836, May 2021. 

[11] P. Svensson, U. Wijk, A. Björkman, and C. Antfolk, “A review of 

invasive and non-invasive sensory feedback in upper limb prostheses,” Expert 

Rev. Med. Devices, vol. 14, no. 6, pp. 439–447, Jun. 2017. 

[12] S. N. Flesher et al., “Intracortical microstimulation of human 

somatosensory cortex,” Sci. Transl. Med., vol. 8, no. 361, Oct. 2016. 

[13] S. Chandrasekaran et al., “Sensory restoration by epidural 

stimulation of the lateral spinal cord in upper-limb amputees,” eLife, vol. 9, p. 

e54349, Jul. 2020. 

[14] S. Raspopovic, G. Valle, and F. M. Petrini, “Sensory feedback for 

limb prostheses in amputees,” Nat. Mater., vol. 20, no. 7, Art. no. 7, Jul. 2021. 

[15] C. Antfolk, A. Björkman, S. Frank, F. Sebelius, G. Lundborg, and 

B. Rosen, “Sensory feedback from a prosthetic hand based on air-mediated 

pressure from the hand to the forearm skin,” J. Rehabil. Med., vol. 44, no. 8, pp. 

702–707, 2012. 

[16] G. Chai, X. Sui, S. Li, L. He, and N. Lan, “Characterization of 

evoked tactile sensation in forearm amputees with transcutaneous electrical 

nerve stimulation,” J. Neural Eng., vol. 12, no. 6, p. 066002, Dec. 2015. 

[17] H. Shin, Z. Watkins, H. (Helen) Huang, Y. Zhu, and X. Hu, “Evoked 

haptic sensations in the hand via non-invasive proximal nerve stimulation,” J. 

Neural Eng., vol. 15, no. 4, p. 046005, May 2018. 

[18] A. Ninu, S. Dosen, S. Muceli, F. Rattay, H. Dietl, and D. Farina, 

“Closed-loop control of grasping with a myoelectric hand prosthesis: which are 

the relevant feedback variables for force control?” IEEE Trans. Neural Syst. 

Rehabil. Eng., vol. 22, no. 5, pp. 1041–1052, Sep. 2014. 

[19] Y. Li, C.-H. Chou, J. Zhang, Z. Zhang, M. Hao, and N. Lan, “A pilot 

study of multi-site simultaneous stimulation for tactile and opening information 

feedback in the prosthetic hand,” in 2021 10th International IEEE/EMBS 

Conference on Neural Engineering (NER), May 2021, pp. 187–190. 

[20] L. Vargas, H. Huang, Y. Zhu, D. Kamper, and X. Hu, “Resembled 

tactile feedback for object recognition using a prosthetic hand,” IEEE Robot. 

Autom. Lett., vol. 7, no. 4, pp. 10977–10984, Oct. 2022. 

[21] T. J. Arakeri, B. A. Hasse, and A. J. Fuglevand, “Object 

discrimination using electrotactile feedback,” J. Neural Eng., vol. 15, no. 4, p. 

046007, Aug. 2018. 

This article has been accepted for publication in IEEE Transactions on Neural Systems and Rehabilitation Engineering. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/TNSRE.2024.3439722

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/



10 
 
 
[22] C. M. Oddo et al., “Intraneural stimulation elicits discrimination of 

textural features by artificial fingertip in intact and amputee humans,” eLife, vol. 

5, p. e09148, Mar. 2016. 

[23] E. Raveh, S. Portnoy, and J. Friedman, “Myoelectric prosthesis 

users improve performance time and accuracy using vibrotactile feedback when 

visual feedback is disturbed,” Arch. Phys. Med. Rehabil., vol. 99, no. 11, Art. 

no. 11, Nov. 2018. 

[24] F. Clemente, M. D’Alonzo, M. Controzzi, B. B. Edin, and C. 

Cipriani, “Non-invasive, temporally discrete feedback of object contact and 

release improves grasp control of closed-loop myoelectric transradial 

prostheses,” IEEE Trans. Neural Syst. Rehabil. Eng., vol. 24, no. 12, Art. no. 

12, Dec. 2016. 

[25] J. A. George et al., “Biomimetic sensory feedback through 

peripheral nerve stimulation improves dexterous use of a bionic hand,” Sci. 

Robot., vol. 4, no. 32, p. eaax2352, Jul. 2019. 

[26] Q. Fu, F. Shao, and M. Santello, “Inter-limb transfer of grasp force 

perception with closed-loop hand prosthesis,” IEEE Trans. Neural Syst. Rehabil. 

Eng., vol. 27, no. 5, Art. no. 5, May 2019. 

[27] M. Markovic, M. A. Schweisfurth, L. F. Engels, D. Farina, and S. 

Dosen, “Myocontrol is closed-loop control: incidental feedback is sufficient for 

scaling the prosthesis force in routine grasping,” J. NeuroEng. Rehabil., vol. 15, 

no. 1, p. 81, Dec. 2018. 

[28] M. Schiefer, D. Tan, S. M. Sidek, and D. J. Tyler, “Sensory feedback 

by peripheral nerve stimulation improves task performance in individuals with 

upper limb loss using a myoelectric prosthesis,” J. Neural Eng., vol. 13, no. 1, 

p. 016001, Dec. 2015. 

[29] A. Chatterjee, P. Chaubey, J. Martin, and N. Thakor, “Testing a 

prosthetic haptic feedback simulator with an interactive force matching task,” 

J. Prosthet. Orthot., vol. 20, no. 2, p. 27, Apr. 2008. 

[30] D. T. Kluger et al., “Virtual reality provides an effective platform 

for functional evaluations of closed-loop neuromyoelectric control,” IEEE 

Trans. Neural Syst. Rehabil. Eng., vol. 27, no. 5, Art. no. 5, May 2019. 

[31] F. M. Petrini et al., “Six-month assessment of a hand prosthesis with 

intraneural tactile feedback: hand prosthesis,” Ann. Neurol., vol. 85, no. 1, Art. 

no. 1, Jan. 2019. 

[32] S. Su et al., “Neural evidence for functional roles of tactile and 

visual feedback in the application of myoelectric prosthesis,” J. Neural Eng., 

vol. 20, no. 1, p. 016038, Jan. 2023. 

[33] Z. Zhang et al., “A biorealistic computational model unfolds human-

like compliant properties for control of hand prosthesis,” IEEE Open J. Eng. 

Med. Biol., vol. 3, pp. 150–161, 2022. 

[34] Q. Luo, C. M. Niu, J. Liu, C.-H. Chou, M. Hao, and N. Lan, 

“Evaluation of model-based biomimetic control of prosthetic finger force for 

grasp,” IEEE Trans. Neural Syst. Rehabil. Eng., vol. 29, pp. 1723–1733, 2021. 

[35] Q. Luo et al., “Biorealistic control of hand prosthesis augments 

functional performance of individuals with amputation,” Front. Neurosci., vol. 

15, p. 1668, 2021. 

[36] M. Hao et al., “Restoring finger-specific sensory feedback for 

transradial amputees via non-invasive evoked tactile sensation,” IEEE Open J. 

Eng. Med. Biol., vol. 1, pp. 98–107, 2020. 

[37] J. Zhang et al., “Evaluation of multiple perceptual qualities of 

transcutaneous electrical nerve stimulation for evoked tactile sensation in 

forearm amputees,” J. Neural Eng., vol. 19, no. 2, p. 026041, Apr. 2022. 

[38] Z. Zhang, C.-H. Chou, and N. Lan, “Closed-loop control of grasp 

force with biorealistic hand prosthesis,” in 2023 11th International IEEE/EMBS 

Conference on Neural Engineering (NER), Apr. 2023, pp. 1–4.  

[39] C. A. Moran, “Anatomy of the Hand,” Physical Therapy, vol. 69, 

no. 12, pp. 1007–1013, Dec. 1989. 
[40] Y. Yu, C.-H. Chou, J. Zhang, M. Hao, and N. Lan, “Development 

of myoelectric control module for prosthetic hand with artifact removal during 

sensory electrical simulation,” in BIODEVICES, 2022, pp. 118–125. 

[41] E. Henneman, G. Somjen, and D. O. Carpenter, “Functional 

significance of cell size in spinal motoneurons,” J. Neurophysiol., vol. 28, no. 

3, pp. 560–580, May 1965. 

[42] F. E. Zajac, “Muscle and tendon: properties, models, scaling, and 

application to biomechanics and motor control,” Crit. Rev. Biomed. Eng., vol. 

17, no. 4, pp. 359–411, 1989. 

[43] A. Prochazka, “Proprioception: clinical relevance and 

neurophysiology,” Curr. Opin. Physiol., p. S2468867321000584, May 2021. 
[44] M. P. Mileusnic, I. E. Brown, N. Lan, and G. E. Loeb, 

“Mathematical models of proprioceptors. I. control and transduction in the 

muscle spindle,” J. Neurophysiol., vol. 96, no. 4, pp. 1772–1788, Oct. 2006. 

[45] C. M. Niu, Q. Luo, C. Chou, J. Liu, M. Hao, and N. Lan, 

“Neuromorphic model of reflex for realtime human-like compliant control of 

prosthetic hand,” Ann. Biomed. Eng., vol. 49, no. 2, pp. 673–688, 2021. 

[46] J. Zhang, C. Chou, X. Wu, W. Pei, and N. Lan, “Non-invasive stable 

sensory feedback for closed-loop control of hand prosthesis,” in 2022 44th 

Annual International Conference of the IEEE Engineering in Medicine & 

Biology Society (EMBC), Jul. 2022, pp. 2344–2347. 

[47] N. Lan et al., “Biorealistic hand prosthesis with compliance control 

and noninvasive somatotopic sensory feedback,” Prog. Biomed. Eng., vol. 5, 

no. 2, p. 023001, Apr. 2023. 

[48] J. Zhang et al., “Somatotopically evoked tactile sensation via 

transcutaneous electrical nerve stimulation improves prosthetic sensorimotor 

performance,” Neurorehabil. Neural Repair, 2023. (under review) 

[49] A. W. Shehata, L. F. Engels, M. Controzzi, C. Cipriani, E. J. Scheme, 

and J. W. Sensinger, “Improving internal model strength and performance of 

prosthetic hands using augmented feedback,” J. NeuroEng. Rehabil., vol. 15, 

no. 1, Art. no. 1, Dec. 2018. 

[50] S. Dosen et al., “Building an internal model of a myoelectric 

prosthesis via closed-loop control for consistent and routine grasping,” Exp. 

Brain Res., vol. 233, no. 6, pp. 1855–1865, Jun. 2015. 

[51] I. Saunders and S. Vijayakumar, “The role of feed-forward and 

feedback processes for closed-loop prosthesis control,” J. NeuroEng. Rehabil., 

vol. 8, no. 1, p. 60, Oct. 2011. 

[52] M. Štrbac et al., “Short- and long-term learning of feedforward 

control of a myoelectric prosthesis with sensory feedback by amputees,” IEEE 

Trans. Neural Syst. Rehabil. Eng., vol. 25, no. 11, pp. 2133–2145, Nov. 2017. 

[53] J. L. Dideriksen, I. U. Mercader, and S. Dosen, “Task-dependent 

adaptations in closed-loop motor control based on electrotactile feedback,” 

IEEE Trans. Human-Mach. Syst., pp. 1–9, 2022. 

[54] S. Gholinezhad, S. Dosen, and D. Jakob, “Electrotactile feedback 

outweighs natural feedback in sensory integration during control of grasp force,” 

J. Neural Eng., vol. 18, no. 5, p. 056024, Oct. 2021. 
 

This article has been accepted for publication in IEEE Transactions on Neural Systems and Rehabilitation Engineering. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/TNSRE.2024.3439722

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/


