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Abstract. A force estimation model using motor current signals was deduced in this paper for a 
tendon-driven prosthetic finger grasping objects with its distal phalanx. Models of the 
prosthetic finger were first established. As driving moment of each joint could be calculated 
form motor current, stable grasping force of the finger could be calculated by its statics 
mechanic model, that is, the grasping force is estimated using motor current signals. Then a 
PID controller based on the estimation method was designed with the estimated force as its 
force feedback signal. Based on the dynamics model of the prosthetic finger and a DC motor 
model, the estimation model and the PID controller were simulated in MATLAB, whose results 
indicated that the proposed grasping force estimation and control methods are effective. 
Keywords: prosthetic finger; tendon-driven; force estimation using motor current; grasping 
force control; PID control algorithm. 

1 Introduction 
Although bionic prosthetic hand technology advances rapidly, bionic prostheses are still inferior 
replacements of biological entities. There are still a lot of difficulties to overcome to completely imitate 
human hands or even beyond its inherent functions. An ongoing challenge for prosthetic hand 
developers is how to copy the feeling of human hands. The prosthetic hand needs interpretation of their 
own tactile information to adjust its actions. For example, the grasping force information can ensure that 
users will not damage the grasped object because of a tight grip. This information is required for direct 
control of the device, and can be obtained through a low-end control loop. As a result, the user of the 
prosthetic hand need not rely on vision information to control the magnitude of grasping force [1]. 

To obtain tactile feedback information, force sensors should cover all the possible grip positions [2], 
increasing the weight and cost of the prosthetic hand obviously. As long as the prosthetic hands grasp an 
object, the reaction force of the object to the finger must result in a change of the driving motor torque, 
and the change will then lead to changes in motor current, regardless of the contact position between the 
object and the finger. Thus, a grasping force estimation method of prosthetic hands by detecting the 
motor current signals is proposed. If different current estimation models are established for every 
possible contact positions, the force sensor measurement can be totally replaced by current detection. 
Then grasping force of prosthetic hands could be controlled based on the force estimates instead of 
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force sensor readings, which will lower the cost and weight of the prosthetic hand and make them 
more convenient to use. 

Under-actuated coupling prosthetic hands have significantly reduced the number of prosthetic 
hand drivers, lowering the control difficulty of prosthetic hands and also ensuring a certain adaptive 
grasping ability of their fingers [3]. Under-actuated coupling prosthetic hands have a relatively simple 
structure—the tendon-driven structure, which adopts a kind of driving mode that uses the tendon to 
transmit power and motion [4]. The structure of the tendon-driven prosthetic hand is simple and 
compact with small size and light weight, making it easily in line with the shape, size and weight of 
human hands. Because this driving pattern is similar to the tendon-driven mechanism in an organism, 
it has been widely used in the field of bionic robots and artificial limbs [5, 6]. 

In this paper, the models of a tendon-driven prosthetic finger were established first, and then the 
force estimation model using motor current signals was established based on them. Next, the estimation 
method was applied to a PID grasping force control system of the finger. Finally, the effectiveness of the 
proposed force estimation and control methods are validated by the MATLAB simulations. 

2 Prosthetic hand models 
A tendon-driven prosthetic finger, whose main component parameters — drive pulley radius, spring 
stiffness coefficients and spring preload force of each phalange, are designed, is shown in Figure 1, 
The prosthetic finger is composed by three phalanxes, and has three joints and one driver, whose structure 
diagram is shown in Figure 2. The tendon rope driven by a DC motor through a speed reducing 
mechanism drives the finger joints to rotate. When the motor stops working, the finger is locked by the 
worm and gear. When the finger needs to be reset, the motor reverses and relaxes the tendon, so the reverse 
force is applied by return springs to reset the joints at the same time. Grip and reset actions of the prosthetic 
finger are thus achieved. The double pulley structure, which splits the tendon driving rope into two: N1 and 
N2, is applied in the middle phalanx to distribute the torque of each joint reasonably. N1, which is connected 
with the motor, is used as a driving rope running through the proximal joint and the middle joint. N2 runs 
through the middle joint and the distal joint. Each pulley and the corresponding link rod are regarded as a 
whole, and their mass and moment of inertia are integrated. The simplified prosthetic finger is composed of 
three link rods and three springs, and tensile force of the rope is denoted as F. The external force of 
proximal, middle and distal phalanxes is F1, F2 and F3 respectively, which are S1, S2 and S3 away from each 
joint. Before the finger touches the object, values of F1, F2 and F3 are zero. Li, mi, θi, Ii, Lci and ri are the 
length, mass, relative rotation angle, moment of inertia, centroid position and pulley radius of the ith link 
rod (i=1, 2 and 3). r21 is the radius of the larger pulley on the middle phalanx and ki is the stiffness of the 
spring on the ith link rod. c is the system damping coefficient whose value is about 0.01. 

Finger driver

Proximal phalanx

Middle phalanx

 
 

Figure 1. Physical model of the tendon-driven prosthetic finger 
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To simplify the modeling process, the models are derived based on the following assumptions: (1) 
the quality of the tendon is light enough to be ignored compared with other parts of the finger; (2) the 
tendon rope is rigid, inextensible and in the state of tension all the time with the same tension in 
different positions; (3) the influence of some nonlinear factors, such as friction, clearance, dead zone, 
and viscous damping, is not considered in the system; (4) the rod length is not too long, and its weight 
is very light, so the system gravity potential energy is ignored. 

 
 

Figure 2. Structure diagram of the tendon-driven prosthetic finger 

Select a Descartes coordinate system as shown in Figure 2. Xi=[X1 Y1]’ (i=1, 2 and 3) denotes the 
position matrix of the centroid of each link rod. The dynamics model of the prosthetic finger can be 
obtained through the Lagrange equation [11]: 

 ( ) ( , ) ( )= + +  τ θ θ θ θ θ θD H G   (1) 

where τ is the joint moment matrix, and τ=T-JF. T is the driving torque matrix of joints given by 
the rope, J is the mapping matrix of external force to the joint torque and F=[F1 F2 F3]’. For the three-
joint prosthetic finger, ( )D θ  is a 3×3 positive definite symmetric matric, ( , )θ θH  is a 3×1 
centrifugation and Coriolis vector and ( )θG  is a 3×1 elastic vector. 

Consider the case where only the distal phalanx contacts the object, F1=F2=0. The position of the 
finger at the very beginning of the contact with the object is chosen as the initial position, and initial 
values of θ1, θ2 and θ3 are θ01, θ02 and θ03 respectively. The contact force between the finger and the 
environment can be simplified as a constant stiffness spring model [8, 9, 10], that is: 

 3 evF K x=   (2) 

where Kev is the environmental stiffness; x is the vertical displacement of the prosthetic finger at 
the contact point. 

The Jacobi matrix of velocity of the proximal phalanx (J1), which reflects the relationship of the 
micro-motion in joint space (dθ) and the micro-displacement in operating space (dX1) of the centroid, 
is defined as: 
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Similarly, Jacobi matrices of velocity of the middle phalanx (J2) and the distal phalanx (J3) are 
defined as: 
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If the virtual displacement of the prosthetic finger occurs, torque of each joint is τi and driving 
torque given by the rope to each joint is Ti. Consider the grip balance when only the distal phalanx 
contacts with the object, force of the distal phalanx is F3=[ F3x F3y]’. Spring force of link rod 1 and 2 is 
f1 and f2 respectively. According to the principle of virtual work [7], the statics equation of the 
prosthetic finer is derived as: 

 1 1 2 2 3 3+ 0T T T+ + =τ J f J f J F          (3) 

where τ= [τ1 τ2 τ3]’, θ= [θ1 θ2 θ3]’ and Xi= [Xi Yi]’. 

3 Force estimation model using motor current signals 
When the prosthetic finger grasps the object stably, the motor and the phalanxes are in the state of 
force balance, and one has: 

 L tT K iτ= =          (4) 

where T is the motor drive torque, τL is the motor load torque, Kt is the motor torque constant and i 
is the motor armature current. When the prosthetic finger grasps the object stably, values of θ1, θ2 and 
θ3 are regarded as θ01, θ02 and θ03 respectively as well, for they change little after the contact. Thus, 
only F3 is unknown. The least square method can be used to solve the above overdetermined equation 
and calculate the value of F3. Taking these values into  and using the least square method through a 
MATLAB program to solve the overdetermined matrix equation, the estimated value of F3 can be 
obtained. 

When the prosthetic finger grasps objects with different shapes, values of θ01, θ02 and θ03 are 
different. They increase with the decrease of sizes of objects. As values of θ01, θ02 and θ03 are used to 
solve the overdetermined equation, the force estimation model is associated with the grasped object. 
In addition, when the contact positions are different, the value of S3 in J3 is different. Therefore, the 
force estimation model is also associated with the contact position. Thus, after solving, the force 
estimation model can be obtained in the form of: 

 3 3 01 02 03( , , , , )F f i S θ θ θ=                  (5) 

where F3 is the magnitude of vector F3. 

4 Grasping control of the tendon-driven prosthetic finger 

4.1 Grasping force control based on the force estimation model 

A PID controller is chosen to control the grasping force of the prosthetic finger. The PID controller, 
which is shown in Figure 3, is composed through the linear combination of proportional, integral and 
differential of the deviation ( ) ( ) ( )d ee t F t F t= − to control the grasping force, where Fd(t) is the desired 
grasping force and Fe(t) is the estimated grasping force by the force estimation model. The 
mathematical model of the PID controller is: 
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 ( )( ) ( ) ( )p i d
de tu t K e t K e t d t K

dt
= + +∫          (6) 

where Kp, Ki and Kd are the proportional, integral and differential coefficients respectively. As the 
force feedback information uses estimated grasping force based on current signals, not directly force 
signals, force sensors could be omitted in in practical applications of the control method. 

Proportional

Integral

differential

×
 

Prosthetic 
finger

Force estimation 
model

×
 

Fd(t)

Fe(t)

+

−

u(t)
F3(t)e(t)

i(t)

 
 

Figure 3. System control block diagram 

4.2 Gasping force control simulation 

The dynamics model, force estimation model, PID controller  are simulated combined with a DC 
motor model in a MATLAB platform. Parameters of the PID controller are obtained as Kp =0.05, Ki= 
0.0005 and Kd= 0.01 by the method of empirical parameter tuning. First, values of θ01, θ02 and θ03 of 
three objects with different sizes and shapes are gotten through the numerical solutions of the 
dynamics equation. Then, give the prosthetic finger a small initial voltage to grasp the three objects 
with θ01, θ02 and θ03 as initial positions of each phalanx respectively. The estimated grasping force is 
used as the feedback information to be compared with the desired grasping force, and the practical 
grasping force is also recorded in the simulations. Schematic diagrams of grasping objects with 
different sizes form small to large are shown in Figure 4. The open-loop control performance with the 
motor voltage being 1V is shown in Figure 5. 

  
(a) Grasping a large-size object with θ01=2.1°, 

θ02=25.1° and θ03=12.5° 
(b) Grasping a middle-size object with θ01=3.1°, 

θ02= 37.0° and θ03=18.5° 

 
(c) Grasping a small-size object with θ01=4.1°, θ02=48.9° and θ03= 24.5° 

 

Figure 4. Schematic diagrams of grasping three objects 
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It is noticed from Figure 5 that the rising trends of practical and estimated grasping force are not 
consistent in the initial stage of grasping. This is because the estimation model is derived based on the 
case of stable grasping, so the estimation is far from being accurate at the very beginning of the 
contact, so the estimation method does not take effect until the value of the current is more than a 
certain value.  Only the stable values can indicate the accuracy of the force estimation using current 
signals. It could be calculated form Figure 5 that the relative error of force estimation for grasping 
these three objects is no more than 15.6%. As we know, when human grasp an object, they do not 
know the magnitude of the grasping force exactly, so the precision requirement of the force estimation 
for prosthetic hands is not high, and the relative error of 15.6% is acceptable. Therefore, the proposed 
force estimation method is reasonable. 

  
(a) Grasping a large-size object with θ01=2.1°, 

θ02=25.1° and θ03=12.5° 
(b) Grasping a middle-size object with θ01=3.1°, θ02= 

37.0° and θ03=18.5° 

 
(c) Grasping a small-size object with θ01=4.1°, θ02=48.9° and θ03= 24.5° 

Figure 5. Open-loop control  

The closed-loop control performance is shown in Figure 6. As what is done in the open control, 
the estimated grasping force is also given a relatively small value at the initial stage. It can be seen in 
Figure 6 that, for all the three objects, the estimated force well follows the desired force, and there is 
no overshoot of the system response occurring, validating the effectiveness of the PID controller. 
Similarly, there is a small difference with the relative error also less than 20% between the estimated 
force and its practical value in the closed-loop control. 

174



AEST2016 

  
(a) Grasping a large-size object with θ01=2.1°, 

θ02=25.1° and θ03=12.5° 
(b) Grasping a middle-size object with θ01=3.1°, θ02= 

37.0° and θ03=18.5° 

 
(c) Grasping a small-size object with θ01=4.1°, θ02=48.9° and θ03= 24.5° 

Figure 6. Closed-loop control 

The reason for the estimated force value not exactly the same as the actual value is that the force 
estimation model is a static model and is obtained through the statics analysis of the equilibrium state 
of grasping, while the simulated value is the result of the dynamics model. Moreover, both the two 
models are established without the consideration of some nonlinear factors, such as friction, clearance, 
dead zone and viscous damping, which brings model error. In addition, the estimation method is based 
on the least square algorithm, and the linearized dynamics model assumes that the grasping force is 
perpendicular to the distal phalanx, so model  gives an approximate estimate of stable grasping force 
in model , and the specific relationship between the two models and their respective equivalent 
parameter values need further discussion. 

In general, the practical force and the estimated force both follow the desired value with relatively 
errors less than 20%. It could also be found from Figure 6 that the force control is stable. Therefore, 
both the proposed PID grasping force control method and the grasping force estimation method of the 
prosthetic finger are effective. 

5 Conclusions 
This paper presents a grasping force estimation method using motor current signals for an under-
actuated tendon-driven prosthetic finger. Then, a PID grasping force control system based on the force 
estimation model for the prosthetic finger is modeled, where the use of force sensors is avoided. 
According to the open-loop and closed-loop control simulation results, the proposed estimation and 
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control methods are effective. During the control process, the force sensor was substituted by the force 
estimation model. If the force estimation model was established under different grasping patterns, 
force sensors could be substituted by the model as frequently as possible. Therefore, the prosthetic 
hand could be cheaper, lighter and more convenient to use. 
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