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ABSTRACT 

Flexible grippers can provide fine grasping and manipula- 

tion to various objects and environment interactions. However, 

most current mechanisms can not change the stiffness in a short 

time, which limits the application scenario of the flexible grip- 

pers. This paper presents a novel variable stiffness robotic fin- 

ger that can adapt to soft and rigid gripping objects by contin- 

uously changing its stiffness over a wide range in a short pe- 

riod of time. The principle is to change the second area moment 

of inertia of the finger by changing the filling ratio of the cav- 

ity between two parallel beams. A complete theoretical stiffness 

model is developed and compared with the finite element analy- 

sis (FEA) model. Effects of multiple design parameters on finger 

stiffness performance are compared and analyzed, and the accu- 

racy of the theoretical model is verified, with a maximum error 

of less than 6.5%. The performance of the finger is further eval- 

uated through an experimental prototype, which proved that the 

finger can safely perform a wide range of daily object-grasping 

tasks with adaptable compliance. The proposed stiffness-varying 

mechanism can adjust stiffness in a short time with a very large 

ratio (around 1:37). The design provides a new direction in 

developing variable-stiffness robotic grippers for flexible grasp- 

ing. 
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1 INTRODUCTION 

Robotic grippers [1, 2] are increasingly important for robots, 

but most robotic grippers consist mainly of a set of rigid joints 

and beams, resulting in a lack of flexibility when grasping. This 

makes it difficult for robots to adapt to some working condi- 

tions, especially for human-robot interaction. In recent years, 

soft robots have been favored by researchers because of their 

good adaptability [3], compliance [4], and safety [5], especially 

for soft robotic grippers [6, 7]. Compared with a rigid robotic 

gripper, a soft robotic gripper has significant advantages. It not 

only is safer when it collides with humans [8], but also can better 

adapt to the shape and position of objects to achieve the grip- 

ping of fragile and fragile objects [9, 10]. However, soft robotic 

grippers also have shortcomings such as small contact force, low 

positioning accuracy, complex motion model, and high control 

difficulty [11]. Variable stiffness robotic grippers can solve the 

above problems by actively adjusting their stiffness according to 

the condition of operating in a wide range of applications [12]. 

One method to design variable stiffness grippers is to in- 

corporate variable stiffness materials such as shape-memory 

polymer [13], composite materials [14], magnetorheological 

fluid [15, 16], and dielectric elastomer [17]. Al-Rubaii et al. [18] 

proposed a flexible pneumatic actuator using conductive poly- 

lactic for stiffness and shape adjustment, and developed a grip- 

per using two pneumatic actuators. Firouzeh et al. [19] changed 

the elastic modulus of the finger by changing the temperature 

to achieve the glass transition of the shape-memory polymer. 

Al-Abeach et al. [20] proposed the application of the McK- 

ibben muscle to design a gripper, whose fingers consists of three 
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contractile muscles surrounding an expansile muscle, and when 

pressure is applied, the two types of muscles form an antagonistic 

action, thus increasing the stiffness of the fingers without causing 

a change in position. However, this method has the problems of 

small range of stiffness, small driving force, complex assembly, 

and poor controllability. 

 
Another method is by changing the mechanical structure 

property, which has performed promising results [21]. Kim et 

al. [22] proposed a layer interference variable stiffness principle 

using negative pressure to change interlayer friction and devel- 

oped a variable stiffness serpentine gripper based on this prin- 

ciple. Li et al. [23] designed a novel passive particle interfer- 

ence principle to achieve variable stiffness. When inflating the 

soft body actuator, the soft body actuator expands and causes the 

particles in the cavity to squeeze each other, thus improving the 

overall structural stiffness. Chandrasekaran et al. [24] proposed 

a variable stiffness gripper using the concept of stability of truss 

structures. This design is able to partially conform to the sur- 

face of the grasped object and rapidly change its stiffness using 

compliant rotating elements embedded inside. Li et al. [25] de- 

veloped a variable stiffness gripper by rotating a built-in hinge 

shaft to change the effective second area moment of inertia of 

the gripper. Its stiffness can be varied continuously. Melchiorri 

et al. [26] designed a gripper with a flexible material covering 

the surface of the main structure, which is driven by a twisted 

string actuation. Two springs twist around each other, and the to- 

tal length is smaller due to spring winding and a passive change 

in the stiffness of the gripper while driving. The super-redundant 

variable stiffness gripper developed by Kim et al. [27] consists of 

many specifically shaped rings and wire cords assembled in se- 

ries, with flexible washers fitted between two adjacent rings. The 

stiffness of the gripper can be changed by adjusting the preload 

force of the wire cords in a specific direction, and the stiffness is 

approximately linear to the preload force. This method still has 

a limited range of the stiffness adjustment. 

 

To develop grippers with a large range of stiffness change 

ratio, this paper proposes a new finger design through a reconfig- 

urable parallel beam mechanism. It can adapt to multiple grip- 

ping tasks without changing the finger. The stiffness of the finger 

is controlled by the mechanical structure changes. A movable 

slider is placed between two flexible sheets to change the stiff- 

ness of the finger continuously by changing the position of the 

slider. The process of stiffness adjustment is simplified by simple 

mechanical input to make it fast and accurate. The stiffness can 

be changed by tens of times in a short time. Stiffness adjustment 

and finger movement are independent of each other. The stiff- 

ness adjustment performance of the finger is comprehensively 

investigated by comparing and combining theoretical models, fi- 

nite element analysis (FEA), and experimental tests. The wide 

applicability of this design is demonstrated. 

2 CONCEPT OF THE DESIGN 

The structure of the gripper is shown in Fig. 1. It consists of 

two fingers. For each finger, its exterior is made of two parallel 

beams. and its interior has a slider that can move in the axial 

direction. The stiffness of the finger can be changed by changing 

the ratio of the slider filling the internal cavity. When the fill- 

ing ratio is lowest, the finger stiffness is minimum, and when the 

slider fills the cavity, the finger stiffness is maximum. The filling 

changes the second area moment of inertia and the ratio of the 

hollow beam over solid beam of the parallel beam mechanism 

and correspondingly its output stiffness. The slider can be driven 

by a stepper motor to change the stiffness continuously. In order 

to keep the fingers in one piece when deformation occurs, a re- 

strictor is provided at the head of the slider, so that the slider and 

the flexible sheets remain tightly attached. 

 

 
Parallel 
beam 

 

Cavity 

Restrictor 

Slider 

 

 

 

 
Palm actuator 

 

 

 

 

 

 
FIGURE 1. THE STRUCTURE OF THE GRIPPER. 

 

 

 

3 STIFFNESS MODELING OF THE FINGER MECHA- 

NISM 

In this section, a comprehensive stiffness model is devel- 

oped based beam superposition principle and compared with 

FEA model. 

 
3.1 Theoretical Stiffness Modeling 

A parametric model of the proposed variable stiffness finger 

mechanism is shown in Fig. 2. The finger can be divided into 

three main parts, a solid part SaSb at the finger tip that contacts 
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with grasped objects, a flexible part SbSc in the middle and a solid 

part ScSd at the bottom [28]. Section Sd is fixed in the palm of 

the robot gripper. The effective height of the finger is unified as 

H and the effective thickness is unified as B. Note that the thick- 

ness of the slider is slightly less than the thickness of the parallel 

beam, which is simplified here for calculation convenience. The 

inertia of the SbSc part is  

 
 

Im = 

 
t3B 

(2) 
12 

lengths of the head and root parts are Lh and Lr respectively. The 

length of the cavity part is Lc. A ratio, λ , of the cavity filled by 

the slider is introduced. The range of the slider-filling ratio λ is 

0.1 to 1.0. When λ = 0.1, the slider is at the rightmost end. The 

proportion of the cavity is highest. But since the restrictor still 

needs some space, λ is greater than 0. When λ = 1.0, the slider 

is at the leftmost end and the entire cavity is filled. The lengths 

for the SaSb, SbSc and ScSd parts are Lh, (1 λ )Lc and λ Lc + Lr 

respectively. When a force F is applied to the section Sa, the fin- 
ger deforms. The deformation in the thickness direction will be 

Depending on the moment of inertia, the deflection of the 

three parts of the finger is calculated segment by segment. Then 

the results are finally combined together to obtain the total de- 

flection of each part acting on section Sa. 

Firstly SbSc and ScSd parts are assumed as rigid bodies, 

meaning they are fixed and can not deform. Then the deflec- 

tion angle θa and displacement δa of the section Sa with respect 

to the other two parts are 

 
FL2 

ignored because it is very small relative to the deformation in the 

direction of force F [29]. In the direction of F, the deflection is 

greater in the SbSc part, and the deflection in the SaSb and ScSd 

parts are small, but should not be ignored. Because they have a 

certain thickness, their elasticity has a significant impact on the 
accuracy of the model. 

θa = 
2E 

h
 

 

FL3 

(3) 

δa = 
3

 h 

EIt 
(4) 

 

where E is Young’s modulus. Secondly, SaSb and ScSd parts are 

assumed as rigid bodies. The deflection only occurs in the SbSc 

part. It is affected by the force conducted from the SaSb part. 

According to the theory of the parallel guide mechanism [30], 

the deflection angle in SbSc part also affects the deformation of 

section Sa. Then superimposed on the deformation of the SbSc 

part, the total contribution of the deformation of SbSc part to the 

deformation of section Sa can be obtained. The deflection angle 

θb and displacement δb of the middle part are 
 

θ 
t2 

  
FLh[(1 − λ )Lc] F[(1 − λ )Lc]2

 

(5)
 

b = 
6(H − 2t)2 

EIm 
+

 2EIm 

 

 

 
FIGURE 2. PARAMETRIC MODEL OF THE FINGER. 

δab = θbLh (6) 

 

 

The moment of inertia of the SaSb and ScSd parts is 
δb = 

F[(1 − λ )Lc]3 
(7)

 

24EIm 

 
It = Ib = 

H3B 
(1) 

12 

 
Then SaSb and SbSc parts are assumed as rigid bodies. The ScSd 

part is affected by force F and generates a deflection angle θc f 

and displacement δc f . In addition, the effect of the bending mo- 

The thickness of the middle flexible sheet is t.  The moment of ment F[Lh + (1 − λ )Lc] can not be ignored. It can produce a 
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deflection angle θcm and a displacement δcm. These eventually 

are transmitted to section Sa, causing deformation.  
 

θc f = 
F(Lr + λ Lc)2 

 

2EI2
 

 
 
F(L + λ L )3 

 
(8) 

 

 

 

 

 
(a) Mesh 

δc f = 
r c 

3EI2
 

(9) 

 
 

θcm = 
F[Lh + (1 − λ )Lc](Lr + λ Lc) 

EI2
 

 
(10) 

 

 
 

(b) Simulation Result 

 

FIGURE 3. FEA MODEL. 

δcm = 
F[Lh + (1 − λ )Lc](Lr + λ Lc)2 

 

2EI2
 

(11)  
3.3 Stiffness Variation and Comparison Between the 

Theoretical Model and FEA 
The parameters to explore are shown in Tab. 1. The key pa- 

δac = (θb f + θbm)[Lh + (1 − λ )Lc] (12) 

 
δc = δc f + δcm (13) 

 
Finally, the above displacements acting on section Sa are added 

up to obtain the total displacement. 

 

δ = δa + δab + δb + δac + δc (14) 

Then the stiffness is 

rameters include the finger height H, thickness B, parallel beam 

thickness t, and cavity length Lc. When one of these parameters 

is changed, the other parameters remain unchanged. 

 

TABLE 1. KEY PARAMETERS. 

k = 
F

 
δ 

3.2 Finite Element Analysis Modeling 

(15) 

In order to verify the accuracy of the theoretical model and 

to investigate the effect of various design parameters on finger 

performance, an FEA method was performed using ANSYS. In 

the model, section Sd of the finger is fixed, and a force is applied 

at section Sa. Mesh size is set as 1 mm, as shown in Fig. 3(a). 

In the example in Fig. 3(b), the filling ratio λ , is chosen at the 

average of the maximum and minimum values, giving λ = 0.55. 

The applied force F is 2 N after testing the load capacity of the 

designed finger mechanism. It can be seen that the finger defor- 

mation occurs as expected. The deformation of the cavity part is 

large while that of the slider filling part is small. The deforma- 

tion was recorded and used to calculate stiffness k divided by the 

applied force F, which is compared with the theoretical value in 

the following section. 

 

 

 

 
The performance of the finger with different parameters is 

shown in Fig. 4. It can be seen that the stiffness of the finger 

increases with the height of the finger H, the thickness of the 

flexible sheet t, and the thickness of the finger B, and decreases 

with the length of the cavity part Lc. The trend of deformation 

is opposite to that of stiffness. The stiffness is more sensitive 

when H is small, as shown in Fig. 4(a). This is because it is 

difficult for the deformation of the non-cavity part to affect the 

total deformation when H is large. The stiffness is more sensitive 

Parameters (mm) Group 1 Group 2 Group 3 Group 4 

H 11∼19 15 15 15 

t 1 0.6∼1.4 1 1 

B 9 9 5∼13 9 

Lc 100 100 100 60∼140 

Lh 15 15 15 15 

Lr 15 15 15 15 
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Theoretical model 

FEA method 

when t is large, as shown in Fig. 4(c). Because its contribution to 

the total stiffness becomes increasingly non-negligible when t is 

large. The relationship between the thickness B and the stiffness 

is linear, as shown in Fig. 4(e). The stiffness is more sensitive 

when Lc is small, as shown in Fig. 4(g). The lengths of the head 

and root parts, Lh and Lr, are fixed. The cavity part contributes 

more to the deformation. When Lc is small, the proportion of the 

cavity part Lc/L is small, and the stiffness is more sensitive. 

Using the FEA results as a benchmarks, errors of the theoreti- 
cal model e with different parameters are shown in Fig. 5. The 

maximum error occurs when t = 1.4 mm, reaching 6.44% which 

quite low in compliant mechanism analysis. This result verifies 
the accuracy of the theoretical model. 

 

3.8 8 

 
3.7 6 

 

0.5 
 

 
0.48 

 

 
0.46 

 

 
0.44 

 

 
0.42 

10 12 14 16 18 20 

 

 
4.6 

 
 
 

4.4 
 
 
 

4.2 
 
 
 

4 
10 12 14 16 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

18 20 

 

 
3.6 

 

 
3.5 

 

 
3.4 

10 12 14 16 18 20 
 

 
 

(a) e vs H 

6 

 
 

4 
 

 

2 
 

 
0 
0.6 0.8 1 1.2 1.4 

 

 
 

(b) e vs t 

6 
 
 
 
 
 
 

1 

 

 0.5 

0 

 

 

(a) k vs H 

 

 

(b) δ vs H 

20 
 

 
15 

 

 
10 

 

 
5 

 

 
0 

 
5 

 
4 

 
3 

 
2 

 
1 

4 6 8 10 12 14 
 

 
 

(c) e vs B 

 

 

5 
 

 

4 
 

 

3 
 

 
2 
60 80 100 120 140 

 

 
 

(d) e vs Lc 

0.6 0.8 1 1.2 1.4 
 

 
 

(c) k vs t 

0.8 

0.6 0.8 1 1.2 1.4 
 

 

(d) δ vs t 

8 

FIGURE 5. ERROR VARYING WITH DIFFERENT DESIGN PA- 

RAMETERS 

 

0.6 6 

 
 
 

0.4 
 
 

 
0.2 

 
 
 
 
 
 
 

4 6 8 10 12 14 
 

 
 

(e) k vs B 

 

4 
 
 

 
2 

4 6 8 10 12 14 
 

 

(f) δ vs B 

4 PROTOTYPE AND EXPERIMENTAL VALIDATION 

In this section, a finger prototype is introduced for experi- 

mental test, and a demonstration is done to show the application 

scenarios of the finger. 
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(h) δ vs Lc 

4.1 Stiffness Performance of the Experimental Proto- 

type 

3D printing method was used to produce the finger proto- 

type. Based on a general gripper dimension estimation and the 

previous theoretical analysis, design parameters of the finger are 

selected as in Tab 2. The printing material is polylactic acid, and 

the infill parameter is 60%. Its Young’s modulus E is 2600 MPa 

by experimental measurement. MARK-10 ESM303 Motorized 

Tension/Compression Test Stand was used to obtain the force 

FIGURE 4. STIFFNESS AND DEFORMATION VARYING WITH 

DIFFERENT DESIGN PARAMETERS 

 

A comparison of the two methods shows that the theoretical 

method yields a greater stiffness for a general given condition. 

and deformation of the finger as shown in Fig. 6. The root of the 

finger is fixed on the vise, and the other end is free to apply the 

simulated contact forces by the tester probe moving from up to 

down. To avoid overloading the test piece, the applied force is up 

to 3 N. The force and travel distance were recorded during this 

process for stiffness calculation. 
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TABLE 2. FINGER PARAMETERS. 

 
 

Parameters (mm) value 

H 15 

t 1 

B 9 

Lc 100 

Lh 15 

Lr 15 

deformation becomes smaller, and the clearances have a signifi- 

cant impact on the overall deformation. 
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FIGURE 7. RESULTS OF THE EXPERIMENTAL TEST WITH 

DIFFERENT SLIDER-FILLING RATIO λ . 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
FIGURE 6. EXPERIMENTAL SETUP. 

 

Fig. 7 shows the fitted lines of the experimental data. But 

it can be seen that when λ is large, the linear relationship be- 

tween the applied force and deformation is getting worse due to 

the major difference between the beginning period and the rest 

deformation process, meaning the stiffness k is no longer a con- 

stant. This is mainly due to the artificial setting of the assembly 

clearance during the production of the finger. When λ is small, 

the impact of these clearances on the overall deformation is neg- 

ligible as a percentage. However, when λ  is large, the overall 

Stiffness at different λ is obtained by linearly fitting the 

force and deformation. The results are compared between the 

theoretical model and the FEA method, as shown in Fig. 8. 

Although changing of λ is equally spaced, the corresponding 

change of stiffness is not linear. The larger the λ is, the greater 

the changing of stiffness will be. The stiffness range ratios of 

the theoretical method and FEA method are 140.85 and 142.45 

respectively. But the stiffness range ratio of the experimental 

test is 19.62. It is noticed that the theoretical model and the 

FEA method have the similar results, and the empiric stiffness 

is lower than those from the other two methods, especially when 

λ is greater than 0.5. Assembly clearance is a factor in this ef- 

fect. In order to eliminate as much as possible its influence on 

the measurement error, the original data that with the force larger 

than 2 N are used to fit. The slopes of the new lines are chosen 

as the stiffness and add them to Fig. 8 for comparison with other 

results. It can be seen that the stiffness has improved signifi- 

cantly when the λ is large, and the stiffness ratio reaches 36.94. 

But there is still some gap compared to the theoretical model and 

FEA, which is the result of not completely eliminating the clear- 

ance of the assembly clearance. 
Even with the current imperfect finger prototype, it still has 

good variable stiffness performance. For example, for an egg 

weighing 55 g, the stiffness can be adjusted to the minimum, 

which will result in a deformation of the finger of about 6.5 mm. 

Vise 

Finger 
prototype 

Test stand 
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FIGURE 8. STIFFNESS VARYING WITH DIFFERENT SLIDER- 

FILLING RATIO λ . 

 
But for a stainless steel cup weighing 500 g, the stiffness can be 

adjusted to the maximum, where the deformation is only about 3 

mm. This finger can cope with light and fragile objects, as well 

as heavy and sturdy objects in daily life. For the former, λ is 

best selected in the range 0.1 to 0.7, while for the latter, λ can be 

selected in the range 0.8 to 1.0. 

(a) Chip (b) Bottle (c) Sponge (d) Orange (e) Metal 

 

FIGURE 9. OBJECTS FOR DEMONSTRATING ADAPTIVE 

GRASPING 

 

change ratio (around 1:37 based on the tested prototype). A the- 

oretical model of this mechanism was developed, and validated 

with the FEA results with stiffness error less than 6.43%. The 

effect of multiple design parameters on the stiffness of the finger 

was investigated and optimal parameters could be selected based 

on the analysis. Then a finger prototype was manufactured to 

further investigate the performance of the finger through exper- 

iments. At a lower filling ratio, the experimental prototype and 

the theoretical model agreed well, but when the filling ratio is 

higher, the error increased due to the manufacturing and assem- 

bly errors. The function performance of the designed gripper 

was demonstrated by a group of various representative daily ob- 

jects. Experiments showed the potential of the finger for a large 

4.2 Gripping Demonstration 

In order to demonstrate the wide applicability of the gripper 

using such fingers, several daily objects are selected, including a 

potato chip, an empty bottle, a sponge, an orange, and a striped 

metal block. Different grasping strategies are adopted for differ- 

ent objects, as shown in Fig. 9. The Chip and empty bottle are 

light and easily deformed, so the stiffness is adjusted to the min- 

imum. The sponge is very light but not so fragile, so the stiffness 

can be adjusted slightly higher. The orange is heavier, but in or- 

der to avoid damage to its surface, the stiffness is not adjusted 

too large. The metal block is heavy and does not deform easily, 

so the maximum stiffness can be chosen. 

 
 

5 CONCLUSIONS 

In this paper, a new variable-stiffness robotic finger is pro- 

posed. The design allows the compliance to be changed by con- 

tinuously changing the filling ratio of the finger cavity inside a 

parallel beam mechanism. This mechanism can be driven di- 

rectly by servo motors and can quickly change the stiffness to 

adapt to new environments in a short time with large stiffness 

range of stiffness variation in flexible grasping. Future work 

is to further improve the accuracy of the theoretical model and 

the process of finger prototyping to reduce errors caused by ma- 

chining and assembly. A complete actuated gripper is going to 

be developed with automatic grasping tests and validation. The 

long-term goal is to apply this gripper to industrial and domes- 

tic robotic grasping and manipulation applications by providing 

a cost-effective and efficient solution. 
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