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Abstract—This paper proposes a novel contact force sensing 

and control method for the inserting operation during precise 

assembly process, which is based on a micromanipulator 

integrated with force sensors. At first, theoretical analysis is 

carried out to calculate the admissible contact force between the 

gripped holes and the pegs. The contact force thresholds which are 

smaller than the admissible contact forces are adopted in the 

control algorithm to avoid the rotating of the gripped holes during 

assembly process. The force sensors are calibrated using an ATI 

force sensor and the conversing coefficients are calculated. The 

admissible contact forces are tested when different contact 

distance and preload force are adopted. The performance of the 

proposed contact force sensing and control method is verified by 

carrying out the task of applying contact force on the surface of 

the gripped holes with different contacting speeds. The results 

indicate that the contact force can be adjusted to be smaller than 

the threshold 1 and the peg-in-hole assembly can be completed 

successfully.   

Note to Practitioners—This paper proposes a novel contact force 

sensing method during the inserting operation. Compared with the 

traditional contact force sensing method, this paper adopts the 

force sensor integrated into the micromanipulator instead of 

commercial force sensor to detect the contact force between two 

parts. To ensure the assembling precision, the theoretical analysis 

is conducted to calculated the admissible contact force to avoid the 

sliding and rotating of the gripped micro part during assembling. 

This work efficiently simplifies the contact force sensing and 

control process, where complex calibration process needn’t to be 

carried out to eliminate the influence of the mass of the 

micromanipulator on the testing results. In addition, the 

assembling costs are reduced by replacing commercial force 

sensors with strain gauges. 

Index Terms—Admissible contact force, integrated force sensor, 

micromanipulator, contact force controller, precise assembly 

I. INTRODUCTION 

ITH the rapid development of micro devices and 

micro systems, precise assembly technology is 

becoming more and more important to produce 

complex micro devices constructed with different micro parts 

[1-4]. As a representative assembly operation, precise peg-in-
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hole assembly has attracted wide attention from researchers [5-

7]. 

The micro parts manipulated in precise assembly process are 

usually designed with the size ranging from several 

micrometers to millimeters which requires micron-level 

assembly precision [8, 9]. Generally, precise robot is needed to 

be designed to complete this task [10-12]. Microscopic vision 

is usually used to guide the motion of the micro assembly robot 

and achieve precise alignment during micro assembling process. 

However, the inherent characteristics of visual servo of small 

view field and inability to detect assembly stress limits the 

manipulation ability [13, 14]. In addition, the relative position 

and pose between the micro parts to be assembled cannot be 

distinguished by micro vision system when occlusion occurs. 

To overcome this problem, the contact forces between the 

micro parts are introduced to reflect the relative position during 

precise assembly. In order to improve the assembly precision, 

researchers have proposed several methods to detect and 

control the contact forces.  

Due to the occlusion during assembling process, a contact 

force controller was adopted to detect the relative position 

between the manipulator and the operated ring to achieve 

precise alignment [13]. A conversion coefficient was 

introduced to determine whether the force controller is required. 

However, the controlling precision is related to the conversion 

coefficient which is determined by operator’s experience. 

Automated and intelligent assembly process was achieved by 

mapping the relationship between the contact force and position 

[15]. The performance of the assembly method was verified by 

inserting a peg into a hole automatically. Technically, 

enormous experimental tests and intelligent algorithm are 

needed to establish the relationship between position and force 

which makes the control process complex. Liu et al. proposed 

an automatic precise assembly system where three microscopes 

were used to align the two micro parts and the force sensor was 

used to detect the contact states during inserting process [16]. 

An efficient assembling strategy based on contact force 

controller was developed in Ref. [17], where the partially 
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flexible peg can be inserted into the hole precisely. Hou et al. 

proposed a peg-in-hole assembly method based on fuzzy logic-

driven variable time-scale prediction-based reinforcement 

learning, where the assembly dual pegs and holes was 

completed [18]. All the above work can complete precise 

assembly of micro parts based on the commercial force sensor. 

However, the force threshold used in the contact force 

controller is adopted according to experience. The conversion 

is required between the force collected by the sensor and the 

force applied on the micro parts. In addition, complex 

calibration process is required to be carried out to eliminate the 

influence of the mass of the micromanipulator on the testing 

results. 

Generally, micromanipulators, such as piezoelectric 

micromanipulators [19-21], electrostatic micromanipulators 

[22, 23], vacuum adsorbers [24] are used to manipulate micro 

parts directly. Usually, the force sensors are integrated into the 

micromanipulator to monitor the grasping force to avoid 

damaging the micro parts. In order to simplify the micro 

assembly system, these integrated force sensors can also be 

used to detect the contact forces between the micro parts and 

the environment. Bilal et al. [25] used two commercial force 

sensors where each force sensor comprises a probe to pick and 

assemble the micro part. Due to the motion of two probes along 

main direction of the force sensor, the contact force can be 

easily detected by the force sensors. Compared with the 

methods mentioned above, the force transmission error can be 

reduced using this strategy. However, the micro part could 

rotate or slide during operating process because the admissible 

lateral contact force was set as a larger value, which could 

influence the assembling precision. In addition, the grasping 

force adjusting motion and the motion of the corresponding 

finger are driven by the same 3-DOF micropositioning stage 

which makes the contact force control system complex. 

To solve these problems, this paper proposes a novel contact 

force sensing and control method based on a micromanipulator 

integrated with force sensors. The grasping force between the 

fingers and micro part, and the contact force between two micro 

parts are observed by the integrated force sensors. Then, these 

forces information are used to detect the relative position 

between the two micro parts to achieve automatic assembly. 

This paper is organized as follows: the grasping stability 

analysis is carried out in Section Ⅱ; Section Ⅲ describes the 

inserting control strategy; The experimental tests are conducted 

to evaluate the performance of the control strategy in Section 

Ⅳ; Finally, Section Ⅴ concludes this paper. 

II. ADMISSIBLE CONTACT FORCE ANALYSIS 

An improved micromanipulator which can achieve different 

grasping modes is developed according to our previous work 

[26]. Each finger is actuated by one piezoelectric ceramic and 

the micro parts with different shapes can be grasped by 

designing different fingers. A flexible beam was designed at 

one end of these fingers which can be used to estimate the 

grasping force and lateral contact force by sticking strain 

gauges on the surface. The micromanipulator integrated with 

force sensor is installed on a macro-micro precise assembling 

robot to pick up, transmit and manipulate the micro parts. 

Combined with another 3-DOF precise positioning stage and 

visual system, the micro assembly system is established. In this 

paper, the assembling process of the insertion of cylindrical 

peg-hole and cuboid peg-hole is studied using this precise 

assembly system, during which the contact force is used to 

detected the relative position of the hole and peg. 

It’s well known that the grasping state will be changed when 

an external contact force applied on the gripped micro part. To 

avoid the rotating and sliding of the gripped micro part, the 

contact force needs to be limited to an appropriate range to keep 

the balance. Hence, the objective of this section is to establish 

the mathematical model between the grasping forces, the 

parameters of the micromanipulator and the grasping state to 

investigate the behavior of the gripped hole subjected to 

different contact forces. 

A. Stability Analysis During Cuboid Peg-in-Hole Assembling 

As shown in Fig. 1, four fingers with planar surface are used 

to grasp the cuboid hole. To pick the cuboid hole up 

successfully, preload forces with the amplitude of Fri0 (i=1, 2, 

3, 4) (where Fr10 = Fr20 = Fr30 = Fr40 = Fr0) are applied on the 

cuboid hole which should fulfil the requirement of 4µFri0 ≥ mg. 

Because there is no contact force applying on the cuboid hole, 

the action points of the grasping forces are located at the center 

of the finger-hole interface and there is no relative sliding and 

rotating between the fingers and the cuboid hole, as shown in 

Fig. 1(a). 

 

 
Fig. 1. Cuboid hole gripped by four planar fingers, (a) without contact force, (b) 

subject to contact force. 

 

During inserting process, the relative position between the 

peg and the hole cannot be detected by the microscopes and the 

peg may contact with the inner wall of the hole. The admissible 

contact force needs to be investigated to prevent the rotating or 

sliding of the gripped cuboid hole and guarantee the assembling 

precision. A theoretical model when the gripped cuboid hole is 

subjected to a contact force along x-axis is established in this 

paper. Due to the symmetric characteristics, the same method 

can be used for analysis when the gripped cuboid hole is 

subjected to a lateral contact force along y-axis. 

Firstly, resistant moment generated by finger 3 and finger 4 

are calculated. The grasping force can be regarded as the 

uniform load acting on the interface. The elementary friction 

force at the unit area can be expressed as 
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 r ridf P ds=  (1) 

where Pri (i= 3, 4) is the unit load, ds is the elementary area and 

μ is the friction coefficient of the interface. 

Then the elementary resistant moment generated by the unit 

friction force can be evaluated as 

 ridT l P ds=  (2) 

where l is the distance between the axis of Pri and external force. 

To simplify the analysis process, the finger-hole interface is 

equivalent as a circle with a radius of R, which has the same 

area as the actual contact surface.  

 

2

ft
R


=  (3) 

where tf is the thickness of the finger.  

Hence, the resistant moment Tr1 generated by finger 3 and 

finger 4 can be calculated as 

 ( )
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In addition, with the increasing of the contact force, the axis 

of Fr1 and Fr2 will move from center to the edge of the interface 

step by step, as shown in Fig. 2. Due to the bias Δl between the 

axis of two forces and the interface’s center, a resistant moment 

Tr2 is generated and can be calculated as 

 ( )2 1 2
2

r r r

l
T F F


= +  (5) 

The grasping forces Fr1and Fr2 can be expressed by Fri0 as 
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When the axis of the grasping force moves to the edge of the 

contact surface, the largest resistant moment generated by 

finger 1 and finger 2 can be expressed as 

 
2 0r r fT F t=  (7) 

As mentioned above, the total resistant moment Tr induced 

by four grasping forces can be calculated as 

 1 22r r rT T T= +  (8) 

Then, in order to prevent the rotating and sliding of the 

gripped cuboid hole, the admissible lateral contact force can be 

evaluated as 

 
0 04 3

3

r r f

rext

r

F R F t
F

L

 +
  (9) 

where Lr is the distance between the axis of Frext and the center 

of contact surface. 

The friction coefficient of aluminum-aluminum interface is 

selected as 0.3. The thickness of the finger is designed as 2 mm 

and the equivalent radius R can be calculated as 1.13mm. 

According to Eq. (9), the relationship among Frext, Fr0 and Lr 

can be summarized as shown in Fig. 2. When the cuboid hole is 

grasped, the admissible lateral contact force is increased with 

the increasement of preload force, while that is decreased with 

the increasement of the distance between the center of the 

interface and the axis of the contact interface. As can be seen 

from Fig. 2, the maximum admissible lateral contact force is 

24.51 mN and 16.35 mN when the preload forces are set as 40 

mN and the contact distance is 4 mm and 6 mm, respectively. 

In order to achieve a stable gripping and guarantee the 

assembling precision, the combination of preload force and 

contact distance must be located below the plane shown in Fig. 

2. 

 

 
Fig. 2. The relationship between admissible contact force, preload force and the 

distance in cuboid peg-in-hole assembly. 

 

B. Stability Analysis During Cylindrical Peg-in-Hole 

Assembling 

To achieve stable manipulation, four fingers with arc surface 

are adopted to grasp the cylindrical hole. Initially, four preload 

forces Fci0 (i=1, 2, 3, 4) (where Fc10 = Fc20 = Fc30 = Fc40 = Fc0) 

are applied on the cylindrical hole to pick it up. And perfect 

surface contact can be achieved if there is no contact force 

applied on the cylindrical hole, as shown in Fig. 3(a). Then, 

theoretical analysis is carried out to investigate the admissible 

contact force to maintain stable grasping, during which a lateral 

contact force along x-axis is applied on the gripped cylindrical 

hole as shown in Fig. 3(b). 

 

 
Fig. 3. Cylindrical hole gripped by four planar fingers, (a) without contact force, 

(b) subject to contact force. 

 

The friction force dfc applied on the unit contact surface can 

be written as 

 c cidf P ds=  (10) 

where Pci (i= 3, 4) is the unit pressure. And the friction force is 

along the tangential direction of the arc surface. As illustrated 

in Fig. 4, the component dFci paralleling with x-axis can be 

derived as 

 cos
ic cidF P ds =  (11) 
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where φ is the angle between the axis of Pci and the edge of the 

arc contact surface, as shown in Fig. 4. 

 

 
Fig. 4. Detail scheme used to calculate the resistant moment generated by finger 

3 and finger 4 in cylindrical peg-in-hole assembly. 

 

Then the resistant moment dTc1 introduced by dFci can be 

calculated as 

 1c cidT dF=  (12) 

where ρ is the distance between the axis of dFci and the 

interface’s center. Then the resistant moment Tc1 generated by 

friction forces applied by finger 3 and finger 4 can be obtained 

by integrating dTc1 on the arc interface. 
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= + =   (13) 

where Rc is the radius of the arc interface, and θ is a half of the 

central angle corresponding to the arc contact surface. 

The other resistant moment generated by finger 1 and finger 

2 can be expressed as 

 
2 0c c fT F t=  (14) 

Different with the fingers with planar surface, a resistance 

moment Tc3 can be exerted on the object by the arc edge of 

finger 3 and finger 4 when subjected to a contact force. 

 
3 2c ci fT F t=   (15) 

where ∆ is an adjusting coefficient which can be expressed as 

1 cos

2

−
 =  

In summary, when the cylindrical hole is gripped by the arc 

shape fingers, the total resistant moment generated by four 

fingers can be evaluated as 

 1 2 3

sin
2 cos

2
c c c c ci fT T T T F t
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 (16) 

To prevent the rotating and sliding of the cylindrical hole, the 

admissible lateral contact force should fulfil the following 

equation 
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According to the developed micromanipulator, the central 

angle corresponding to the arc surface of the finger is 80°. The 

relationship among Fcext, Fc0 and Lc can be plotted as shown in 

Fig. 5 according to Eq. (17). The admissible contact force is 

38.64 mN and 25.76 mN when the preload forces are set as 40 

mN and the contact distance is 4 mm and 6 mm, respectively. 

As can be seen from Fig. 5, in order to prevent rotating and 

sliding of the cylindrical hole, the contact force should not 

exceed the admissible lateral contact force corresponding to the 

contact distance. 

 

 
Fig. 5. The relationship between admissible contact force, preload force and the 
distance in cylindrical peg-in-hole assembly. 

 

III. CONTACT FORCE CONTROL STRATEGY 

In order to prevent damaging the peg and hole and achieve 

precise assembly, a force controller is established where the 

lateral contact force is adopted to detect the relative position 

between the peg and hole.  

At first, the relative position between the peg and hole is 

detected and adjusted by visual servo and the position controller 

is used to achieve precise alignment before assembly. After that, 

the z-axis platform starts moving forward and the peg starts 

inserting into the hole. At the same time, the incremental force 

controller starts working and the lateral contact forces Fx, Fy are 

collected by the force sensor integrated in the micromanipulator. 

According to the developed incremental force controller, the 

peg-in-hole assembling manipulation can be divided into the 

following three states:  

1) If the contact forces Fx and Fy are both smaller than the 

force threshold 1 (8 mN) which is slightly bigger than the 

amplitude of noise, the incremental force controller 

switches off and the peg is inserted into the hole 

continuously by the forward motion of z-axis platform. 

2) If the contact forces Fx or Fy exceeds the force threshold 1 

(8 mN) but are less than force threshold 2 which is slightly 

smaller than the amplitude of admissible contact force, the 

incremental force controller switches on. The 

corresponding x-axis or y-axis platform will move step by 

step to adjust the contact force to be smaller than force 

threshold 1 and the moving direction of the incremental 

step is determined by the sign of Fx or Fy. During this step, 

the inserting operation won’t be stopped. 

3) When the lateral contact force Fx or Fy exceeds the force 

threshold 2, the inserting motion stops and the 

corresponding adjusting platform starts working. The peg 

will be restarted to insert into the hole when the contact 

forces are reduced to fulfill the condition of state 2. 



IEEE TRANSACTIONS ON AUTOMATION SCIENCE AND ENGINEERING 

 

The force threshold 2 for different operating conditions can 

be determined based on the results of the theoretical analysis. 

It’s vital important that the speed of the adjusting motion 

generated by x-axis platform and y-axis platform should be 

larger than that of the inserting motion along z-axis to avoid 

excessive contact force.  

IV. EXPERIMENTAL TESTS 

The experimental setup is displayed in Fig. 6. The macro-

micro precise assembling robot with 9-DOF (degree of freedom) 

was adopted to achieve precise positioning. A 3-DOF 

translational platform was used to provide the perturbation 

during validation of the proposed method. The spatial 

micromanipulator actuated by PZTs (PSt150/5×5×20 L from 

COREMORROW, Inc.) was installed on the end of the robot. 

Strain gauges were glued on the surface of the flexible 

mechanism of the jaw to measure the grasping force and lateral 

contact force. A dynamic strain gauge system was employed to 

collect the output signal of the strain gauge. ATI-nano 17 force 

sensor was used to calibrate the strain gauges and calculate the 

conversion coefficients between the output voltages and forces. 

Laser displacement sensor (LK-H050 from Keyence, Inc.) was 

used to measure the adjusting displacement and inserting 

displacement, respectively. The signals were collected by a data 

acquisition board (NI USB-6356). 

 

 
Fig. 6. The experimental setup 

 

Firstly, the relationship between the output voltages of strain 

gauges glued on four fingers and the grasping forces were 

calibrated. A precise force sensor ATI nano-17 was selected to 

apply series of forces on the four fingers, respectively. Then, 

the known forces and the corresponding voltages signals were 

collected. According to the test results, the conversion 

coefficients between the output voltage signal of each strain 

gauge glued on fingers with arc surface and the known force 

can be obtained by using the least square method. The 

conversion coefficients are 1317.61 mN/V, 790.20 mN/V, 

134.17 mN/V, 361.46 mN/V for finger 1,2, 3, 4 respectively. 

Similarly, the conversion coefficients between the output 

voltages of strain gauge glued on fingers with planar surface 

and the grasping forces can be calibrated as 880.28 mN/V, 

700.90 mN/V, 689.04 mN/V, 3564.82 mN/V, respectively. 

Experimental tests were carried out to investigate the 

influence of the preload force and contact distance on the 

admissible contact force by applying increasing contact force 

on the gripped hole. The contacting state of the gripped hole 

and fingers can be divided into three stages as shown in Fig. 7: 

(A) planar contact without contact force, (B) planar contact 

with contact force and (C) rotating or sliding. The grasping 

forces were collected and summarized in Fig. 8 and Fig. 9. The 

admissible contact force is increasing with the increment of 

preload fore, while it is decreasing with the increment of contact 

displacement. As depicted in these two pictures, the grasping 

force 1 and grasping force 2 increases and decreases linearly 

with the increasing of the contact force respectively, when the 

contact force is less than the admissible contact force. When the 

contact force exceeds the admissible contact force, the gripped 

hole rotates and the grasping force changes with nonlinearity. 

The changing principle and the amplitude of grasping force 3 

and grasping force 4 are almost the same with those of grasping 

force 1 and grasping force 2. 

 

 
Fig. 7. The different contact states between cylindical hole and 

micromanipulator: (a) planar contact without contact force, (b) planar contact 
with contact force, (c) rotating or sliding; and the different contact states 

between cubicl hole and micromanipulator: (a) planar contact without contact 

force, (b) planar contact with contact force, (c) rotating or sliding. 

 

When the contact distance was fixed at 4 mm and the preload 

force varies from 30 mN to 40 mN during the cylindrical peg-

hole assembly, the admissible contact forces are 26.52 mN and 

33.29 mN, respectively, as shown in Fig. 8. When the contact 

distance changed to 5 mm, the admissible contact forces are 

22.19 mN and 30.75 mN, respectively. As shown in Fig. 9, 

when the contact distance was fixed at 4 mm and the preload 

force varies from 30 mN to 40 mN during the cuboid peg-hole 

assembly, the admissible contact forces are 16.71 mN and 23.44 

mN, respectively. When the contact distance changed to 5 mm, 

the admissible contact forces are 15.2 mN and 18.83 mN, 

respectively. The admissible contact forces under different 
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condition were summarized in Table 1. It is shown that the 

value calculated by theoretical model and experimental tests are 

consistent, and the error is below 15%. 

 
Fig. 8. The admissible contact force for cylindrical hole grasping when (a) 

preload force is 30 mN and contact distant is 4 mm, (b) preload force is 30 mN 

and contact distant is 5 mm, (c) preload force is 40 mN and contact distant is 4 

mm, (d) preload force is 40 mN and contact distant is 5 mm. 

 
Fig. 9. The admissible contact force for cuboid hole grasping when (a) preload 

force is 30 mN and contact distant is 4 mm, (b) preload force is 30 mN and 

contact distant is 5 mm, (c) preload force is 40 mN and contact distant is 4 mm, 

(d) preload force is 40 mN and contact distant is 5 mm. 

TABLE I 

THE COMPARISON OF THEORETICAL VALUE AND EXPERIMENTAL VALUE OF ADMISSIBLE CONTACT FORCE 

Object cylinder cube 

Preload Force 

(mN) 
30 40 30 40 

Contact Distance 

(mm) 
4 5 4 5 4 5 4 5 

Theoretical value 

(mN) 
28.98 23.19 38.64 30.91 18.39 14.71 24.51 19.61 

Experimental 

value (mN) 
26.52 22.19 33.29 30.75 16.71 15.2 23.44 18.83 

Error 9.28% 4.31% 13.85% 0.52% 9.14% 9.14% 4.37% 3.98% 

 

 
Fig.10. (a) The grasping force and contact force, (b) the inserting distance, (c) the adjusting displacement, of the cylindrical peg-hole inserting process with low 

contact step increment; (d) The grasping force and contact force, (e) the inserting distance, (f) the adjusting displacement, of the cuboid peg-hole inserting process 

with low contact step increment. 
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The robustness of the control strategy was investigated by 

carrying out a peg-in-hole simulated inserting task, during 

which contact perturbation were applied on the gripped hole by 

the precise platform continuously. It can be seen from Fig. 10, 

the preload grasping forces with the amplitude of 30 mN were 

applied on the gripped hole to pick it up steadily. According to 

the sensor noise and the admissible contact force measurement, 

the threshold 1 and threshold 2 were set as 8 mN and 15 mN. 

The contact force increased to the threshold 1 when the peg 

moves forward with a slow contacting speed of 0.25 µm/s and 

a step increment of 0.25 µm. Then, the controller started 

working and the contact force was maintained under the 

threshold (8 mN) instead of increasing all the time. The reason 

for this phenomenon is that the correcting motion with the 

speed of 10 µm/s and a step increment of 0.5 µm is higher than 

that of contacting motion. During this process, the inserting 

operation wasn’t stopped and the manipulation was completed 

successfully because the contact force wasn’t reached the 

threshold 2. 

Then, a step perturbation with a contacting speed of 2.5 µm/s 

and step increment of 2.5 µm was applied on the gripped hole 

to estimate the performance of the controller. The grasping 

forces, the inserting displacement and the adjusting 

displacement were collected as shown in Fig. 11. As can be seen 

from Fig. 11(a) and (d), the contact force exceeded 15 mN fast 

because the contacting speed and the step increment is higher. 

The controller switched on and the insertion was stopped to 

keep stable grasping and to avoid damaging the micro parts 

during which the contact force exceeded the threshold 2 as 

shown in Fig. 11(b) and (e). When the contact force was 

corrected under 15 mN, the peg was restarted inserting into the 

hole and reached the desired position. As can be seen from Fig. 

11(a) and (d), the contacting force can be limited below 

threshold 1 (8 mN) finally. The insertion with high contact force 

can also be achieved successfully, which verified the fine 

performance of the controller. 

 

 
Fig.11. (a) the grasping force and contact force, (b) the inserting distance, (c) the adjusting displacement, of the cylindrical peg-hole simulated inserting process 

with high contact step increment; (d) The grasping force and contact force, (e) the inserting distance, (f) the adjusting displacement, of the cuboid peg-hole simulated 

inserting process with high contact step increment. 

 

V. CONCLUSION 

This paper proposes a novel contact force sensing and control 

method. Different from the existing methods, the force sensors 

integrated in the micromanipulator are used to detect the 

grasping force and lateral contact force, which reduces the 

influence of the mass of the micromanipulator on the test results.  

To avoid the rotating of the gripped hole, the admissible contact 

force is analyzed by establishing the theoretical model and is 

set as the reference for force threshold in the control algorithm. 

Experimental test is carried out to investigate the admissible 

contact force before the rotation of the gripped hole. The test 

results are consisted with the theoretical results and the error is 

smaller than 15%. The effectiveness of the proposed contact 

force sensing and control method is verified by conducting 

experiments of applying contact force on the gripped hole with 

different contacting speeds. Experimental results indicate that 

the inserting motion will stop when the contact force exceeds 

force threshold 2 (15 mN) and the contact force can be 

controlled to be smaller than force threshold 1 (8 mN) finally 

under the action of the proposed method.  
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