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applying the force. 

D1 the distance between rod’s end point and gripper wrist after applying force. 

fd(x,t),Fdu external disturbance 

Г(xf, vf) any un-modelled resistance force 

xf the finger displacement 

vf the finger velocity 

X1, X2 state variables 

σ sliding variable 

η convergence rate 

𝛬𝜎 Lyapunov function 

ξ positive constant 

Ts reaching time 

Rph reaching phase 

Sph sliding phase 

ε positive small constant 

sign(.) Sign function 

sigm(.) sigmoid function 

Tanh(.) hyperbolic tangent function 

𝜎(𝑒,𝑒̇)
𝑡  error-based sliding variable 

e error of the finger in following the desired trajectory 

𝑦𝑑 fingers’ desired position 

𝑦 fingers’ actual (measured) position 

ℱ(𝑦, 𝑦̇, 𝑡) disturbance term 
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𝐷̂ boundary condition of disturbance term 

𝜎̇ time derivative of the sliding variable 

Ω Control gain of the FSMC 

𝐹𝑔𝑟𝑖𝑝 grip force 

𝐵𝑣 damping coefficient in VSM 

𝛺̂ positive constant 

U positive constant 

Υ disturbance follower 

I the equivalent moment of inertia for the fingers and the motor armature 

kT DC motor’s torque constant 

Vs DC motor’s operating voltage 

VCEMF DC motor’s counter-electromotive force (CEMF) 

Rarmature DC motor’s terminal resistance (ohms) 

Im DC motor’s operating current  

Tm motor’s output torque 

Ke counter-electromotive force constant 

𝐴𝐼,𝐵̃,𝐾,𝐷 a function of state variables that contains the I, 𝐵̃, K and Fdu terms 

𝑘̃𝑇𝑅 quotient of I and K 

Bobj damping coefficient of the object 

m mass of the object 

g gravitational acceleration 

ψc yaw angle 

u the input to the system 

Vc velocity of the contact point along the Xc axis 

𝜔𝑓 angular velocity of the fingers around their joints 

𝜔𝑚 rotational velocity of the motor 

ωmd desired value of the motor shaft speed 

κ a constant related to the stiffness of the grasped object 

µ coefficient of friction 

𝜆 constant 

γ the angle between the gripping link and the link connected to the motor 

T(t) torque of the motor 
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dso distance between the sensor and object 

TOF Time-of-Flight 

KP proportional gain for the velocity control 

KI integral gain for the velocity control 

Kaw anti-windup gain 

Kβ conversion constant of the shaft’s position and angular velocity 

Sl slippage of the object 

x0 the position of the fingers when they make contact with the object’s surface 

without applying any force to it 

Sw control switch 

𝑆̇𝑙 the speed of the slippage 

Α(𝑋1, … ) cumulative uncertainty-disturbance 

DA upper bound of the cumulative uncertainty-disturbance 

𝐷̃ control gain 

KRC4 feedback from the manipulator’s control cabinet 

H1, H2 control gains 
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Abstract 

     Robotic grasping is a challenging area in the field of robotics. When a gripper starts 

interacting with an object to perform a grasp, the mechanical properties of the object (stiffness 

and damping) will play an important role. A gripper which is stable in isolated conditions, can 

become unstable when coupled to an object. This can lead to the extreme condition where the 

gripper becomes unstable and generates excessive or insufficient grip force resulting in the 

grasped object either being crushed, or falling and breaking.  

 

     In addition to the stability issue, grasp maintenance is one of the most important 

requirements of any grasp where it guarantees a secure grasp in the presence of any unknown 

disturbance. The term grasp maintenance refers to the reaction of the controller in the 

presence of external disturbances, trying to prevent any undesired slippage. To do so, the 

controller continuously adjusts the grip force. This is a challenging task as it requires an 

accurate model of the friction and object’s weight to estimate a sufficient grip force to stop 

the object from slipping while incurring minimum deformation.   

 

     Unfortunately, in reality, there is no solution which is able to obtain the mechanical 

properties, frictional coefficient and weight of an object before establishing a mechanical 

interaction with it. External disturbance forces are also stochastic meaning they are impossible 

to predict.  

 

This thesis addresses both of the problems mentioned above by:  

 

 Creating a novel variable stiffness gripper, capable of grasping unknown objects, mainly 

those found in agricultural or food manufacturing companies. In addition to the 

stabilisation effect of the introduced variable stiffness mechanism, a novel force control 

algorithm has been designed that passively controls the grip force in variable stiffness 

grippers. Due to the passive nature of the suggested controller, it completely eliminates 

the necessity for any force sensor. The combination of both the proposed variable stiffness 

gripper and the passivity based control provides a unique solution for the stable grasp and 

force control problem in tendon driven, angular grippers.  

 Introducing a novel active multi input-multi output slip prevention algorithm. The 

algorithm developed provides a robust control solution to endow direct drive parallel jaw 
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grippers with the capability to stop held objects from slipping while incurring minimum 

deformation; this can be done without any prior knowledge of the object’s friction and 

weight. The large number of experiments provided in this thesis demonstrate the 

robustness of the proposed controller when controlling parallel jaw grippers in order to 

quickly grip, lift and place a broad range of objects firmly without dropping or crushing 

them. This is particularly useful for teleoperation and nuclear decommissioning tasks 

where there is often no accurate information available about the objects to be handled. 

This can mean that pre-programming of the gripper is required for each different object 

and for high numbers of objects this is impractical and overly time-consuming. A robust 

controller, which is able to compensate for any uncertainties regarding the object model 

and any unknown external disturbances during grasping, is implemented.  

 

This work has advanced the state of the art in the following two main areas: 

 Direct impedance modulation for stable grasping in tendon driven, angular grippers. 

 Active MIMO slip prevention grasp control for direct drive parallel jaw grippers. 
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Chapter 1 

INTRODUCTION 

 

1.1   Motivation 

Robotic grasping is a challenging area in the field of Robotics. The difficulties inherent to 

grasping arise for two main reasons: firstly, any interaction with the object to be grasped has 

the potential to destabilise the gripper and, consequently, can cause the grasped object to be 

either crushed, or to fall and break; secondly, any interaction with an unknown object can 

cause (undesired and sometimes dangerous) errors in the performance of the motion or force 

control. When interacting with an object, the dynamic properties of the object will play an 

important role where a gripper (as a system), which has been shown to be stable as per 

appropriate stability criteria, can become unstable when coupled to an object. The two 

following sections illustrate the effect of gripper-object interaction on a particular primary 

motion and force control, respectively. 

 

1.1.1   Gripper with Fixed Gain Motion Control  

Figure 1.1 depicts a schematic model of a two-finger gripper, where MF and x represent the 

fingers’ masses and displacements along their DOF, respectively. In this model, the two 

identical fingers are mechanically interconnected and thus that their displacements are equal. 

As shown in this figure, the fingers are subject to an actuator force, Fa. The damping constant, 

B, shown in this figure represents the total frictional losses between the fingers and palm of 

the gripper.  

The dynamical model of the fingers is as follows: 

 

𝑀𝐹𝑥̈ + 𝐵𝑥̇ = 𝐹𝑎 
 

 

(1.1) 

 

where the Laplace transform of Eq. 1.1 is: 
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Figure 1.1: Schematic model of a two-finger gripper. 

 

 

(𝑀𝐹𝑆
2 + 𝐵𝑆)𝑋 = 𝐹𝑎 

 

(1.2) 

 

where X is the Laplace transform of the finger position x. Assuming GP and GI to be the 

proportional and integral gain of the control, respectively, we can write: 

 

𝐹𝑎 = 𝐺𝑃(𝑋𝑑 − 𝑋) +
𝐺𝐼
𝑆
(𝑋𝑑 − 𝑋) 

 

 

(1.3) 

where Eq. 1.3 shows a proportional-integral (PI) motion controller for the finger and Xd 

represents the Laplace transform of the desired position of the finger. From Eq. 1.3, the 

transfer function for the closed-loop system can be written as Eq. 1.4: 

 
𝑋

𝑋𝑑
=

𝐺𝑃𝑆 + 𝐺𝐼
𝑀𝐹𝑆3 + 𝐵𝑆2 + 𝐺𝑃𝑆 + 𝐺𝐼

 

 

(1.4) 

 

The solid blue line and purple dashed line in Figure 1.2 show the desired position and real 

position of the fingers in the presence of the designed controller.   

  

 

Figure 1.2: Position control of the fingers using a linear PI control. The blue and purple lines 

in this figure illustrate the desired and the actual position of the fingers, respectively. 
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From the Routh-Hurwitz criterion, the closed-loop system (Eq. 1.4) has a stability condition 

that can be defined as follows (1, 2): 

 

𝐺𝐼 <
𝐵𝐺𝑃
𝑀𝐹

 

 

(1.5) 

It is worth noting that to design the motion control described, it is assumed that the finger has 

no interaction with its environment (the gripper simply closes its fingers, even though there is 

no object between them). However, this is not the case in real-world scenarios, where we use 

the grippers to grasp and lift objects. In the presence of a finger-object interaction, the 

criterion described in Eq. 1.5 cannot guarantee the stability of the grasp; even the simple act 

of grasping an object may be destabilizing (3, 4). Let us assume that there is an object 

between the two fingers that is positioned in such a way that the geometrical centre of the 

object and gripper are not co-aligned. In this case, from Figure. 1.3, it may be noted that the 

right finger will have a physical interaction with the object during its movement along the x-

direction. This is equivalent to increasing the finger’s mass from MF to (MF+Mb), where Mb is 

the mass of the object. In this case, the new stability condition of the system is described by: 

 

 

𝐺𝐼 <
𝐵𝐺𝑃

(𝑀𝐹 +𝑀𝑏)
 

 

(1.6) 

 

From Eq. 1.5 and 1.6, it may be noted that a sufficiently small integral gain can guarantee the 

stability of the grasp of an unmodeled object with bounded inertial properties. However, even 

with a small value of GI, any interaction between the fingers and a heavy object can change 

the stability condition of the motion controller.  

 

 

 Figure 1.3: Schematic model of the gripper with an object between the fingers. 
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It should also be noted that, in addition to the stability issue, steady-state error is also one the 

difficulties encountered with fixed gain controllers. As an example, consider an object being 

held by the gripper in the manner shown in Figure 1.4.  

In this figure, the mechanical properties of the object, its mass, stiffness and damping 

coefficient, are shown by Mb, Kb and Bb, respectively. The fingers are subject to actuator 

force, Fa, and resistive force, Fb, Where the latter is a function of the deformation of the 

object. For clarity, only one resistive force is shown in this figure. From this figure, the 

resistive force can be calculated as 

 

 

𝐹𝑏 = 𝐾𝑏𝑥 + 𝐵𝑏𝑥̇ 
 

 

(1.7) 

 

By adding the resistive force to the model and from Eq. 1.1, the new dynamical model of the 

fingers is given by: 

 

𝑀𝐹𝑥̈ + 𝐵𝑥̇ = 𝐹𝑎 − 𝐹𝑏 
 

 

(1.8) 

 

 

Using the same control gains as Figure 1.2, the resultant motion control for the system with a 

specific Kb and Bb is shown in Figure 1.5.  

This figure clearly illustrates a steady-state error in the finger position. From this figure, it can 

be concluded that although the external object does not change the stability of the system, it 

does, however, result in an undesired error in the controller response. 

 

 

 

 Figure 1.4: Schematic model of the gripper with the held object. 
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Figure 1.5: Position control of the finger using fixed-gain PI control. The blue and purple 

lines in this figure illustrate the desired position and the actual finger position, respectively. 

 

 

1.1.2   Grip Force Control  

This section explains the difficulties in using a linear fixed-gain controller to control the grip 

force. A schematic model of a two-finger gripper and its DC actuator is illustrated in Figure 

1.6. For clarity, the mechanical connections for only one finger and the DC motor are shown 

in this figure. Two masses, MF and MR, depict the mass of the finger and rotor mass of the DC 

motor, respectively. The spring and damper, KJ and BJ, in this figure are used to model the 

joint and shaft coupling between the DC motor and finger. The two dampers, BF and BR, are 

used to model the friction between the fingers and palm and the friction between the rotor and 

the motor stator (the friction due to the shaft bearings, and between the commutator and 

brushes), respectively. As shown in the figure, the rotor is driven by the motor magnetic field 

force, Fa. The fingers are subject to the resistive force of the object, Fb. 

A linear motion controller with proportional-derivative gains of GP and GD, respectively, 

acting on the position error of the shaft is shown in Eq. 1.9. In this equation, the actual 

position of the shaft and the desired position are shown by 𝑋𝑅 and 𝑋𝑑
𝑅, respectively. A force 

sensor is mounted on the fingertips to measure the grip force. A proportional controller with a 

gain of 𝐺𝑃
𝐹 is applied to this force feedback.  

 

 

𝐹𝑎 = 𝐺𝑃
𝐹 (𝐹𝑏 + 𝐺𝑃(𝑋𝑑

𝑅 − 𝑋𝑅) + 𝐺𝐷(𝑋̇𝑑
𝑅 − 𝑋̇𝑅)) 

                                                                         +𝐺𝑃(𝑋𝑑
𝑅 − 𝑋𝑅) + 𝐺𝐷(𝑋̇𝑑

𝑅 − 𝑋̇𝑅) 
 

 

 

(1.9) 
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Figure 1.6: A schematic model of a two-finger gripper and its DC motor. 

In this equation, the PD gains (GP and GD) are equivalent to the passive mechanical 

components, spring and damper, and it can be demonstrated that any active PD position 

control can be used to emulate a passive Mass-Spring-Damper system. In Eq. 1.9, a 

proportional gain is chosen for the force feedback so as to not change this analogy because, as 

can be seen from Eq. 1.9, this equation is equivalent to a spring and damper system with 

stiffness and damping ratios of 𝐺𝑃(1 + 𝐺𝑃
𝐹) and 𝐺𝐷(1 + 𝐺𝑃

𝐹), respectively. From the Routh-

Hurwitz criterion, it can be shown that this closed-loop system is stable as long as the force 

measured by the force sensor is zero (Kb and Bb  0 and Fb = 0). However, in the presence of 

an external force applied to the fingers, (that is, Kb and Bb  0 and 𝐹𝑏 = 𝐾𝑏𝑋𝐹 + 𝐵𝑏𝑋̇𝐹 ≠ 0), 

there are certain situations where the some of the poles of the system can be in the open right 

half plane. Some examples of such unstable situations can be found in (1, 5). Figure 1.7 

depicts the root locus plot for this example. In this figure, the stiffness of the object varies 

from 1 to 120 N/mm; as can be seen, increasing the stiffness of the object will destabilise the 

system.  

 

 
Figure 1.7: Root locus plot for the gripper-object model as Kb increases. 
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1.1.3   Gripper/hand with Serial Elastic Element (SEE) 

As shown in Section 1.1.2, the grip force control described by Eq. 1.9 is prone to uncertainty 

due to the object’s mechanical properties. Indeed, from Figure 1.7, although the suggested 

control design with fixed gains is stable in isolated conditions (Kb = 0), it can be driven to 

instability when the fingers interact with a sufficiently stiff object (Kb ≫ 0). One of the 

solutions to stabilising the force controller is to add a Serial Elastic Element (SEE) between 

the finger and actuator (6-9). In Figure 1.8, the variable KV is used to represent this SEE. 

From this figure, the passive elements Kb and KV are connected in series, hence the apparent 

stiffness that the controller experiences cannot exceed KV. Therefore, the stability condition 

for grasping any object with any stiffness can be satisfied by appropriately selecting the 

magnitude of KV. 

 

Figure 1.8: Adding a Serial Elastic Element (SEE) between the fingers and actuator can allow 

the grasp of an unknown object to be more stable. 

 

The Bielefeld Shadow hand, shown in Figure 1.9, was one of the most popular dexterous 

robotic hands to use a serial elastic mechanism in its actuation system. The hand was made by 

the Shadow Robot company and has been available on the market since 2004 (161,162). In 

total, the hand was made of 20 active and four passive joints. Each joint was actuated by a 

pair of McKibben pneumatic muscles in an antagonistic manner. Thanks to the lightweight 

properties of this muscle, the hand had a high force to mass ratio. All the artificial muscles 

were packed in the hand’s forearm. The hand used tendons to transfer the actuation forces of 

the muscles to the fingers. It used 80 solenoid valves to control the air flow and consequently 

motion of the hand. The McKibben based actuators used in this hand provided inherent serial 

elastic properties in the fingers, allowing a stable grasp and safe operation; however, the 

stiffness variability and maximum payload achieved by this hand was limited. The high cost, 
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weight (4.3 kg), complexity of design, durability and limited payload (5 kg max) were 

amongst its most obvious issues. 

 

 

Figure 1.9: The dexterous 24-joint Bielefeld Shadow hand (162). 

 

Figure 1.10 shows the granular jamming universal gripper proposed by Brown et al. (163). 

The gripper was made of granular material surrounded by an elastic membrane making a 

single spherical universal gripper. The gripper generated a simple grasp by surrounding the 

object to determine its shape, after which a vacuum pump was activated, reducing the inner 

pressure and hence jamming the filled granular material. This increased the rigidity of the 

gripper and provided enough grip force to compensate for the weight of the object. The 

gripper was then able to lift the object. Interestingly the proposed gripper was capable of 

grasping objects with unknown and odd shapes without any feedback from the gripper. This 

mechanism could also be considered a sensor free, passive serial elastic gripper due to the 

compliant properties of the elastic material. This compliance provided a stable grasp and safe 

interaction with objects to be grasped. However, the gripper was unable to lift heavy objects, 

with a maximum payload of only 2 kg. The maximum size and volume of the object that 

could be grasped by this gripper was also somewhat limited.   

 

 
Figure 1.10: The granular jamming universal gripper proposed by Brown et al. (163). 
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Figure 1.11 depicts the passive universal gripper suggested in (164). The gripper was made of 

a mass of granular material encased in a membrane. The membrane was made of an elastic 

material. Using both positive and negative air pressure, the gripper could rapidly lift and place 

objects with very different shapes. As shown in Figure 1.11.b, and in order to firmly grasp the 

objects, the gripper first conformed to the body shape of the object to be grasped, after which 

the elastic membrane was hardened using an air vacuum pump. This generated a lifting force 

that was large enough to lift the object. Using a positive pressure would then reverse this 

procedure, meaning the elastic membrane would return to its deformable condition and hence 

release the object being grasped. Using both negative and positive pressure, it was 

demonstrated experimentally that the performance of the gripper increased by up to 85% in 

reliability and 25% in error tolerance. The capability of the gripper to shoot objects by fast 

ejection was also demonstrated.  

 

 

 

 

 
 

(a) (b) 

Figure 1.11: (a) Universal jamming gripper proposed in (164). (b) The gripper was able to 

grip objects without the need for a grasp planning or sensory feedback. 

 

Figure 1.12 depicts two pneumatic grippers, the so-called Festo flexshape (left) and Festo 

adaptive gripper fingers DHAS (right) as two examples of commercially available grippers 

with SEE (165). The Festo flexshape is very similar to the granular jamming gripper in terms 

of its working concept where it utilises a flexible membrane shell and air vacuum pump to 

grasp and lift the object. Festo’s adaptive gripper fingers, DHAS, provides a multi-choice 

gripper solution that can be mounted on both parallel and centric grippers without requiring 

additional conversion. Festo’s SEE gripper can handle objects with different shapes and 

flexibilities without the need for additional sensors or complex control. Limited payload, 

grasp accuracy and repeatability and uncontrollable stiffness are the main shortcoming of 

these grippers. 
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(a) (b) 

Figure 1.12: (a) Festo flexshape and (b) Festo adaptive gripper fingers, DHAS, provide fixed 

compliance solutions for industrial graspings (165). 

 

A smart magnetic fluid, MRα, was proposed in (166) for use in jamming grippers. The 

specific gravity of the proposed magnetic fluid was half, whilst its hardness in its solid mode 

was double, compared to the ordinary MR fluid. Figure 1.13.a depicts how a magnetic field 

solidifies the MRα. This fluid was made of nonmagnetic particles mixed into conventional 

MR fluid. When a magnetic field was applied, the iron particles of the MR fluid, as well as 

the nonmagnetic particles, aligned themselves along the magnetic flux lines. This generated a 

strong shear force acting against any external force.  

 

 

 

 

 

 
 

(a) 

 
(b) 

Figure 1.13: (a) The solidification principle of the proposed magnetic fluid in (166). (b) An 

example of the gripper that used the MRα fluid in its actuation system.  

 

They also developed a universal jamming gripper using the proposed MRα fluid, as shown in 

Figure 1.13.b. The gripper was made of an electromagnet and an elastic membrane. The 
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elastic membrane was made of a silicone rubber and it was filled with the MRα fluid, and an 

external collar used to fix the membrane to the electromagnet. They mounted their gripper on 

a 6-DOF robotic arm. To lift objects using the robotic arm, the gripper was pressed onto a 

target object, after which the electromagnet was powered using a DC power supply and the 

object gripped and lifted using the gripper and arm. The capability of the gripper to lift objects 

with a maximum weight of 5.17 kg was shown experimentally. 

Although the SEE can, to some extent, increase the stability of the grasp by reducing the 

apparent stiffness observed by the controller, including a parallel damper to the SEE, the 

output energy of this active system can be negated, hence effectively increasing the stability 

of the system (10-14).  A schematic model of the gripper with the recommended parallel 

passive stabiliser is shown in Figure 1.14.  

 
Figure 1.14: Inclusion of a parallel damper with the SEE can stabilise the grasping action. 

 

From this figure, the apparent mechanical admittance, when measured at the fingertips, can be 

calculated as: 

 

𝑌𝐹
𝑆 = 𝑌𝑎

𝑆 + 𝑌𝑉
𝑆 = 𝑌𝑎

𝑆 +
𝑆

𝐵𝑉𝑆 + 𝐾𝑉
 

 

 

(1.10) 

where 𝑌𝐹
𝑆, 𝑌𝑎

𝑆 and 𝑌𝑉
𝑆 represent the Laplace transforms of the admittance of the fingertip, 

actuation system and the stabiliser, respectively. 

 

1.1.4   Gripper/hand with Variable Stiffness Mechanism 
 

It is worth noting that despite the above-mentioned advantage of the SEE, there is a drawback 

to it; this passive element may compromise fine motion control. To benefit from the 

stabilisation effect of the SEE and maintain the fine motion control, a Variable Stiffness 
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Mechanism (VSM) can be used as an appropriate replacement for the SEE. Figure 1.15 

demonstrates a schematic model of a gripper with a VSM. Using such an adjustable stiffness 

system will help the controller to stabilise the grasp (by reducing the stiffness) in the presence 

of any uncertainty, while fine motion control can be achieved by increasing the stiffness of 

the system.  

 
Figure 1.15: A two-finger gripper with a VSM to stabilise the grasp. 

 

Figure 1.16 shows one of the most famous variable stiffness dextrous hands designed and 

fabricated by the German aerospace centre (117, 118). The hand consisted of four identically 

shaped fingers connected to a palm, which itself incorporated an extra degree of freedom. The 

hand utilised a Field Programmable Gate Array (FPGA) board to collect the feedback data in 

each joint. Point-to-Point Serial Communication (PPSeCo) connected the brushless DC 

motors to the palm’s FPGA. A PCI-based high-speed floating-point Digital Signal Processor 

(DSP) was used as the kernel of the hardware system for data processing purposes. The FPGA 

boards provided a high speed (up to 25 Mbps) real-time serial control communication for the 

system. In order to control the stiffness and positions of the fingers and achieve a compliant 

grasp, the hand used an antagonistic variable stiffness mechanism. Each joint in this hand was 

actuated by two DC motors where a pulley-tendon system and a slider-spring mechanism 

connected each DC motor’s shaft to the relevant joint. The slider-spring mechanisms were 

made of a linear compression spring, which was used to push the tendon in its rest position, 

forming the tendon into a triangle. The height of each triangle determined the stiffness of the 

tendon and its relevant joint. In order to achieve independent position and stiffness 

controllability in each joint, they used a pair of the mechanisms detailed above in an 

antagonistic manner for each joint. However, complexity of control, expensive and delicate 

sensors, requirement for continuous maintenance, limited achievable force, weight, and high 

cost are just some of the reasons for the limited use of this hand in automated lines.  
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Figure 1.16: The dexterous, variable stiffness DLR-HIT hand (117), (167). 

 

1.2  End effectors in industry 

In industry, usually an end effector refers to a device at the end of a manipulator, designed to 

interact with the environment (168). The type and shape of the end effector mainly depends 

on the required tasks. Industrial end effectors can be classified either by their gripping 

methods or by the methods by which they close and open the fingers. In terms of the gripping 

methods, an industrial gripper can be classified as electromagnetic, vacuum cup or 

mechanical grippers. According to the closing/opening methods, a mechanical gripper can be 

either parallel jaw fingers or angular fingers. A synchronous gripper is referred to as a 

mechanical gripper that can centralise the grasped object during grasp. Usually, parallel finger 

grippers have the capability of centralising the objects. 

 Mechanical Grippers 

These types of grippers grasp objects by generating clamping forces using their fingers. The 

mechanical grippers can be further classified into electric and pneumatic grippers. 

Figure 1.17 depicts some commercially available electric grippers. These types of grippers 

utilise an electromotor in order to move the fingers and generate the grip force. The main 

advantages of these grippers are that both speed and force can be precisely controlled using a 

sufficient active control algorithm. Adaptive actively controlled electric grippers are a good 

choice for many industrial applications such as in the food industry and teleoperation in harsh 

environments.  

http://www.gibsonengineering.com/
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Figure 1.17: Some examples of the industrial electric grippers (168). 

 

Pneumatic grippers on the other hand utilise air pressure to actuate the fingers. Usually 

compressed air inside a pneumatic actuator is used to generate a motion to move the fingers 

and generate a grip force. Such pneumatic grippers are found in both parallel and angular 

versions as shown in Figure 1.18. 

 

 
Figure 1.18: Some examples of the industrial hydraulic grippers (168). 

 

 

 Vacuum Grippers 

Figure 1.19 depicts a specific type of end effector, the so called vacuum gripper. These 

grippers utilise a vacuum force to hold and lift objects. In the presence of objects with a 

smooth, flat and clean surface, these grippers provide a low cost and durable grasp solution. 

As mentioned, the main problem of this type of gripper is that the grip performance is highly 

depended on the surface properties of the object being grasped. 
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Figure 1.19: Vacuum gripper and its suction cups (169). 

 

 

 Magnetic Gripper 

Magnetic grippers are used to lift ferrous materials and can be classified into electromagnets 

and permanent magnets. Figure 1.20 shows an electromagnet gripper used to lift steel pipes 

and rebars. The electromagnet grippers consist of a DC power supply and an active current 

control in order to control the magnetic field. The main advantages of magnetic grippers are 

that they provide an easy, efficient and powerful solution for grasping and lifting very heavy 

objects in industrial environments. However, as mentioned, their applications are very narrow 

as they only can grasp ferrous materials. 

 

  
Figure 1.20: Electromagnet grippers provide a simple and low-cost solution  

for lifting ferrous materials (170). 

 

1.3   Aim and Objectives 
 

Sections 1.1.1 and 1.1.2 show that to achieve a promisingly robust robotic grasp, the 

dynamical model and mechanical properties (stiffness and damping ratio) of the object to be 

grasped needs to be considered in the system model. Any miscalculation or neglect of the 

object’s mechanical properties can bring the poles of the system into the instability zones, 
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even if the system is stable in isolation. However, in the majority of instances, the mechanical 

properties of the objects are not available. Although some vision-based AI algorithms can, at 

least to some extent, recognise the objects and allocate pre-learned dynamics (of the object) 

into the dynamical model of the system (15-19), to date, these methods are not sufficiently 

reliable to that extent that they can be confidently used in industrial environments.   

Clearly, the easiest way to identify the object’s properties is via mechanical interaction with it 

(20-26). Thus, stable mechanical interaction might be required before one can design an 

appropriate grasp controller; however, a stable grasp cannot be guaranteed without knowing 

the properties of the object.  

 

In short, the main objectives of this work are: 

 

 To develop a passive grasp control method to overcome the following uncertainties of the 

grasping tasks: 

 Uncertainty or miscalculation of the gripper model. 

 Uncertainty of objects to be grasped with unknown mechanical properties. 

 Stochastic perturbations and unpredictable/deterministic external disturbances. 

 

 To develop an active slip prevention method to allow robotic grasping of unknown objects 

whilst ensuring the grasp does not result in damage to the object being handled.  

 

1.4   List of Contributions 
 

As mentioned previously, in grasping scenarios there is no system or technique available 

which allows the weight, mechanical properties or frictional coefficients of an unknown 

object to be determined without physically interacting with it. For example a vision systems 

can be used to determine the geometry of an object but is unable to establish the mass 

distribution; the frictional coefficient of the material that an object is made of may be known 

but if the part is wet this would significantly change its frictional properties. Furthermore any 

external disturbance forces that are applied to the object whilst it is handled are impossible to 

predictable or anticipate in advance as they are stochastic. 

 

This thesis addresses the two problems mentioned above by advancing the state of the art in 

both passive and active grasping, as follows:  

 



17 
 

 Direct impedance modulation for stable grasping in tendon driven, 

angular grippers: 

 

 It has been demonstrated how a novel variable stiffness gripper is capable of grasping 

unknown objects commonly found in the agricultural and food processing sectors. 

Furthermore it has been shown that the introduction of a variable stiffness mechanism 

enhances the stability of the grasp achievable with an angular gripper.  

 

 A novel force control algorithm that passively controls the grip force in a variable 

stiffness gripper has been designed, developed and proven. Due to the passive nature 

of the controller, it eliminates the need to use force sensors. The combination of the 

proposed variable stiffness gripper design and the passivity based controller provides a 

novel solution to the force control and stable grasp challenge in tendon driven angular 

grippers. 

 

 Active MIMO slip prevention grasp control for direct drive parallel jaw 

grippers: 

 

 A novel multi input-multi output slip prevention algorithm has been demonstrated 

which allows direct drive parallel jaw grippers to prevent grasped objects from 

slipping whilst minimising the amount the object is deformed by the gripper. The 

system developed does not require any prior knowledge of the object’s friction, 

geometry or weight in order to operate. It has been shown how the system allows a 

broad range of unknown objects to be grasped, manipulated and placed without 

dropping, crushing or otherwise damaging them. It has been demonstrated how this 

novel technique can be applied to the task of nuclear decommissioning where there is 

either no accurate description of the objects to be handled or where pre-programming 

the gripper for each object manually would be impracticable and overly time-

consuming. 

 

This work has advanced the state of the art in the following two areas: 

 Direct impedance modulation (passive based control) for stable grasping in tendon 

driven, angular grippers. 
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 Active MIMO slip prevention grasp control for direct drive parallel jaw grippers. 

 

1.5  Organisation of Thesis 
 

This thesis is organised into six chapters as follows: 

Chapter 2: 

 Describes the different approaches to variable compliance mechanisms traditionally utilised 

in robotic systems and points out the shortcomings of such technologies to date. This chapter 

provides a further literature review of the history, design and development of variable 

stiffness and variable compliance mechanisms. A number of compliant actuation systems are 

described, with particular attention given to variable stiffness robotic grasper systems. The 

operational similarity between the human body’s sensorimotor and the complaint 

gripper/hands is discussed through a basic study of the function of metacarpophalangeal 

joints.  

 

Chapter 3: 

Deals with two innovative robotic variable stiffness gripper designs, VSG1 and VSG2, for 

industrial pick and place applications. This chapter proposes two novel variable stiffness 

actuators designed to drive the tendon-driven underactuated grippers. To control the 

compliance of the fingers, a mathematical model of the stiffness is derived and presented. The 

experimental results provided will show how, despite the relatively simple implementation of 

the first prototype, the gripper performs extremely well in terms of both stiffness and grasping 

control. The two passive, adjustable compliance, serial elastic actuators introduced in this 

chapter are suitable for industrial applications, both of which greatly reduce the limitation of 

the maximum achievable stiffness.  

Chapter 4: 

This chapter explains the theory of sliding mode control (SMC), which is a particular method 

of robust controller theorem. It is shown how, in the presence of unknown external 

disturbances, an SMC can robustly and in a finite time converge the state variables to the 

desired values. The performance of a tendon-driven underactuated gripper controlled by a 

high-order sliding mode control with feedback on gripping force and slippage is presented and 

evaluated. More specifically, a Hybrid Super Twisting Sliding Mode Control (HSTSMC) is 

compared with a Hybrid First-Order Sliding Mode Control (HSMC).  
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Chapter 5: 

 This chapter addresses the uncertainty inherent to robotic grasping by evaluating the 

performance of a 8 kg and a 45 kg payload grippers (designed and fabricated as part of this 

research) which use a novel Adaptive PI-Super Twisting Sliding Mode Control (ASTSMC) 

and an new Adaptive First-Order Sliding Mode Controller (ASMC) that are designed to 

prevent slippage whilst minimising any deformation of the grasped object. The experimental 

results presented in this chapter show that when grasping unknown objects, the controllers are 

sufficiently robust to overcome external nonlinear disturbances and inaccuracies in the system 

model, preventing slippage and minimising any deformation of the objects. Furthermore, the 

proposed ASMC and ASTSMC, eliminate the major drawback of the SMC (which is called 

the Chattering Phenomenon (CHPH)), whilst preserving the robustness of the control. 

 

Chapter 6: 

Provides the final discussion and conclusions. The inherent limitation of the work presented 

and a number of suggestions to further optimise it, as well as potential areas for future work in 

the field of the robotic grasping, are suggested in this chapter. 
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Chapter 2 

BACKGROUND 
 

2.1   Introduction 

For decades, robotics researchers have been influenced by the dexterity of the human hand, 

and have shown great interest in designing and controlling robotic hands (27-37). As 

discussed earlier in chapter one, the uncertainty associated with miscalculated grasp model 

and/or objects with unknown mechanical parameters create difficulties in performing a stable 

grasp. Traditional approaches to eliminating this problem involve robotic hands that are 

expensive, delicate, complex and difficult to control. However, as explained previously, 

including a sufficiently compliant element within the actuation system of the robotic hand can 

provide an alternative solution to this challenge. Integrating such a passive component into a 

robotic system will increase the stability of the grasp in the presence of uncertainties. This is 

also true in the human hand, as it has been demonstrated that the passive nonlinear dynamics 

of the joints in the human hand play a vital role in providing a stable grasp (38-44). 

The passive behaviour of the human body, and more specifically the human hand, is the result 

of a combination of both parallel and series compliance. This form of behaviour at the 

metacarpophalangeal joints is largely due to the elasticity of the capsular ligament of the 

joints and muscle-tendon units (43), where the latter contributes to the stiffness of the joints 

by generating force when the muscle or tendon is under some form of tension (44).  

Most of the existing research on robotic systems with variable stiffness/compliance take 

inspiration from the human body, mainly because of the aim of developing artificial limbs 

(45-52). However, certain fundamental concepts and ideas that arise from this line of research 

can be exploited in order to create a new generation of industrial robots, and more specifically 

industrial grippers, which feature controllable stiffness for demanding industrial applications 

requiring flexibility in grasping tasks. In-depth discussions about human hand grasping and 

human body impedance modulation can be found in (38-45), to mention but a few.  

Following these and other similar studies, a plethora of variable stiffness/compliance designs 

have been proposed for robotic systems over the last decade (46-55).  
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2.2   Variable stiffness mechanisms 

The main objective of this section is to provide a brief explanation of the most popular 

variable stiffness-impedance actuators and compliant hands that are, for the most part, used in 

the field of robotics. 

2.2.1   Series Elastic Actuator 

One of the earliest attempts to produce compliant actuators was accomplished by Pratt et al. 

(51). They suggested an elastic element should be placed between the conventional rigid 

actuators and external loads, as shown in Figure 2.1. They also developed one of the earliest 

impedance control methods for their serial elastic actuator. They showed some of the benefits 

of using such actuators, which include shock resistance, smaller sensible inertia, more precise 

and robust force control, safer interaction with the environment and energy storage properties. 

This actuator was used as the actuation system in the arms of the MIT humanoid robot 

‘’COG’’ (52, 53). 

 

Figure 2.1: Series elastic actuator proposed by Pratt et al. (Figure recreated from (51)). 

 

2.2.2   Force Controllable Hydro-Elastic Actuator 

Figure 2.2 depicts a force controllable hydro-elastic actuator proposed by Robinson et al. (54). 

Similar to the series elastic actuator discussed above, this system used an elastic element to 

achieve compliance. This elastic element was located in a series configuration between the 

rigid shaft of a hydraulic piston and external shaft. Adding an elastic part to the conventional 

hydraulic actuator provided an easier way to control the output force by controlling the length 

of the spring, as demonstrated in (54). 

 
Figure 2.2: Hydro-elastic actuator proposed in (Figure recreated from (54)). 

http://ieeexplore.ieee.org/document/844781/
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2.2.3   Compact Rotational Soft Actuator 

A compact rotational series elastic actuator was introduced in (55, 56) for use in multi-DOF 

small-scale humanoid robots. A schematic model of this actuator is shown in Figure 2.3. As 

can be seen, the design consists of six identical linear mechanical springs, K, and a 

conventional DC motor. In this figure, the rotational motion of the DC motor is shown by M. 

There were three rigid spoke elements connecting the central bearing (output shaft) of the 

actuator to the springs. This connection was used to transfer the elasticity of the springs to the 

main shaft and hence provide compliance at the shaft. In order to measure the rotational angle 

of the output shaft, as well as the deflection of the compliant module, they used three 

encoders in their design. The feedback signals from theses sensors also have been used to 

calculate the external torque applied to the shaft.  

They suggested an angular velocity control in order to control the apparent output stiffness 

(virtually control the impedance). To do so, they used the desired virtual stiffness and the 

springs’ states to calculate the desired velocity of the DC motor. The experimental results 

obtained from their prototype illustrate the ability of the actuator to generate a relatively wide 

range of impedance. 

 

  
Figure 2.3: Compact rotational series stiffness actuator 

introduced by N.G. Tsagarakis et al. (Figure recreated from (55)). 

 

2.2.4   Compact Rotary Series Elastic Actuator (cRSEA) 

The Compact Rotary Series Elastic Actuator (cRSEA) was suggested by Kong et al. (57, 58) 

to be used in human assistive limbs. They used a combination of a torsion spring and a chain 

of worm and spur gears in this design to reduce size and achieve precise torque control. To 

control the output toque of the actuator (assistive torque) they used real-time feedback of the 
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joint angle and environmental contact force. The gear-spring mechanism in their system 

isolates the motor from the environment and hence could potentially be used as a shock 

absorber.  

 

2.2.5   Selective Compliant Actuator 

A selective compliant actuator has been proposed by Sugar (59) in order to control the applied 

force and the apparent stiffness of the robots. Similar to most of the series elastic actuators 

mentioned above, and as shown in Figure 2.4, the design is one of a mechanical spring 

serially connected to a linear DC motor. Due to this elastic component, and as explained in 

chapter one, the actuator could potentially guarantee the environment-robot interaction 

stability and subsequently safe interaction between the robot and any unknown/unmodeled 

environment. 

As shown in the figure, the actuator was made of a DC servo motor. A ball screw mechanism 

transfers the torque of the motor to the spring. The spring system was made of a parallel 

configuration of an extension spring (inner spring) and a compression spring (outer spring). 

These two coaxial springs allowed the actuation force to be transmitted in both directions. 

Feedback as to the spring’s deflection was used to control the interaction force between the 

environment and the actuator with a maximum bandwidth of 24 Hz. Due to the inertia of the 

moving parts, this control bandwidth dropped dramatically in the presence of large 

disturbances. Due to noisy feedback of the integrated accelerometer and the high inertial ratio 

of the gearbox DC motor, the system was not able to compensate for the effects of large 

disturbances. As may be noted from the figure, the output stiffness of the actuator in this 

system was fixed and equal to the stiffness of the integrated spring. However, the designed 

controller was able to control the interaction force by controlling the equilibrium position of 

the spring.  
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Figure 2.4: Selective compliant actuator proposed by Sugar (Figure recreated from (59)). 

 

 

2.2.6   Pulley-belt driven variable stiffness actuator (VSA) 

Tonietti et al. proposed a variable stiffness actuator designed for use in robotic systems as 

well as any mechanical devices which require some form of physical interaction with their 

surrounding environment (60, 61). Figure 2.5 depicts a schematic model of their suggested 

actuation system. The actuator consists of two DC motors. The shaft of each DC motor is 

connected to a pulley. A timing belt connects the two DC motors and their associated pulleys 

to the output shaft. Three compression springs were used so as to create tension on the belt in 

their rest positions, as shown in the figure. In order to control the position of the output shaft, 

both DC motors were rotated in the same direction (and at the same speed), whereas the 

rotation of the motors in the opposite direction changed the apparent stiffness of the output 

shaft. 

 

 

 

 

(a) (b) 

 

Figure 2.5: (a) Real and (b) a schematic model of the pulley-belt-spring 

system suggested by Tonietti et al. ((60, 61)). 

 

2.2.7   Series Elastic Actuator for a Biomimetic Walking Robot 

Figure 2.6 depicts the series elastic actuator designed by Robinson et al. (62), and that is used 

in a seven-link, twelve DOF biomimetic walking robot. As shown in the figure, the actuator 

consisted of a brushless DC motor. There was a ball screw mechanism to transfer the 

rotational motion of the DC motor to a linear motion. Four compression springs were placed 



25 
 

between the ball screw nut and the output shaft. As shown, they used a linear encoder to 

measure the compression of the spring system and hence control the actuators’ output forces. 

The maximum output force achieved by this design was 1350 N.  

 

Figure 2.6: Schematic model of the SEA designed 

for a biomimetic walking robot (Figure recreated from (62)). 

 

2.2.8   Antagonistically-twisted round-belt actuator 

Figure 2.7 shows a compliant joint actuated by an antagonistically-twisted round-belt 

actuator, as proposed by Inoue et al., (63). As shown in this figure, the design comprised two 

DC motors, one pulley, and a link connected to this pulley. Two twisting elastic and flexible 

round-belts connect the pulley to the shaft of the DC motors in an antagonistic setup. The 

contraction generated by twisting the belts was used to create a moment, and consequently 

rotational motion on the pulley. Due to twisting mechanism of this design, the rotational 

speed of the revolute joint (pulley) was lower than rotational speed of the motors, which 

provided a means of speed reduction for the actuator. This design also had the advantage of 

increasing the output torque, which was beneficial for lifting heavy loads. They illustrated 

through experiment that a simple proportional control design was sufficiently robust to 

control the contraction force, as well as contact force (63). They also claimed that the poor 

material properties of the twisted strings did not affect the performance of the proportional 

force control. 

 

 
Figure 2.7: Antagonistically-twisted round-belt actuator proposed by Inoue et al. (Figure 

recreated from (63)). 
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2.2.9   Controllable Equilibrium Position Actuator 

In order to achieve a compliant leg for the bipedal robots, a mechanically adjustable 

compliance and controllable equilibrium position actuator (MACCEPA1) was suggested in 

(64, 65), where a schematic model of their design is shown in Figure 2.8. As depicted in this 

figure, the MACCEPA consists of three links and one common revolute joint (knee joint), 

where the links pivot around the knee joint. In this figure, the left and right links are the upper 

and lower links of the leg, respectively. There was also a lever link (shown by the smallest 

link in the figure) connected to the knee. A linear tension spring was attached to the lever link 

and a string connected this spring to the lower link. The angle between the upper link and 

lever link is denoted by φ in the figure. This angle could be changed by an electrical motor 

connected to the lever link. The angle α in the figure corresponds to the angle between lever 

link and the lower link. Clearly, when α was not zero any elongation of the spring would 

generate a resistive torque, trying to line up the lower link with the lever link. When α was 

zero (the equilibrium position) the spring would not apply any resistive torque to the lower 

link.  

To generate an elongation on the spring and consequently a resistive torque, they used an 

electro-motor. This electro-motor was used to pull on the cable connected to the spring, which 

resulted in the pre-tensioning of the latter. This pre-tension changed the resistive torque for a 

given angle α, consequently changing the apparent stiffness of the system. They modelled the 

stiffness as a function of α and elongation of the spring due to the pre-tension, after which 

they validated the model generated through a number of experiments performed using the 

prototype. 

 

 

Figure 2.8: Controllable Equilibrium Position Actuator (MACCEPA1) 

(Figure recreated from (64)). 
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2.2.10   MACCEPA2 

MACCEPA2 was a modified version of MACCEPA1 with improved torque-angle and 

stiffness-angle curves, as proposed by the designer of MACCEPA1 (66). In order to improve 

the functionality of the actuator, they replaced the lever link in MACCEPA1 with a profile 

disk, as shown in Figure 2.9.  

 

 

Figure 2.9: Schematic model of Maccepa2 (Figure recreated from (66)). 

They used two actuators in MACCEPA2 in order to independently control the position and 

compliance of the joint. The first servo motor was used to generate a pre-tensioning force 

(depicted by F in the figure) on the spring and hence change position, whereas the second 

motor was used to rotate the profile disk to change the stiffness of the joint (66).  

 

2.2.11   Cam-based variable stiffness actuator 

Another relatively similar approach to the variable stiffness actuator was introduced in (67, 

68). Figure 2.10 depicts a schematic model of the actuator. As shown in this figure, the model 

consisted of a linear compression spring connected to a low-friction roller on one side and a 

linear actuation mechanism on the other. Similar to MACCEPA, the role of the linear 

actuation system in this model was to generate a pre-tension on the linear spring by 

compressing it. The output link of the system was connected to a concave nonlinear cam and a 

revolute joint was used to connect this cam to the main chassis. The roller was able to move 

inside the concave surface of the cam with a very low friction, with the associated motion 

used to generate the apparent stiffness of the output link. In this figure, q denotes the output 

position of the system, whereas x represents the control input (the position of the motor’s 

shaft). To change the apparent stiffness of the system, the linear motor was used to change the 

length of the spring and, consequently, the stiffness of the joint. The apparent stiffness of the 
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system was a nonlinear function of the stiffness constant of the spring K, the cam transmission 

ratio, and the offset of the output link P2. As mentioned, the design used a single actuator to 

change the output stiffness; however, the system was unable to control the output position 

(position of the output link). It should be mentioned that due to the roller-cam mechanism 

used in this system, the design could be prone to the collection of dust inside the concave 

surface of the cam which might increase the friction and consequently increase the apparent 

damping ratio of the system. 

 

Figure 2.10: Schematic representation of a cam-based variable 

 stiffness actuator introduced in (67, 68). (Figure recreated from (68)).  

 

2.2.12   Adjustable moment arm 

Figure 2.11, depicts a schematic model of a variable stiffness mechanism introduced by Kim 

et al. (69). The design was based on an adjustable moment arm. The model consisted of a 

position frame and an output shaft which was fixed to a guide and two spring blocks. Each of 

the spring blocks consisted of a linear compression spring. The springs were used to push the 

guide on each side and hence limit the rotation of the output shaft. Unlike the two previous 

models, in this mechanism the position and apparent stiffness of the output shaft were 

independently controllable. The rotation angle ϴf of the position frame was used to control the 

position of the output shaft, whilst the length of the moment arm lsb was used to adjust the 

output stiffness. They modelled the apparent stiffness of the output shaft as below: 

 

𝑘𝑗 = 𝜕𝜏𝑒𝑥𝑡 𝜕𝜃⁄ = 𝑘𝑠𝑙𝑠𝑏
2 𝑡𝑎𝑛𝜃

2  

 

(2.1) 

Where kj, τext, ϴ and ks denote the apparent stiffness of the output shaft, the external torque 

applied to the output shaft, the rotation of the output shaft due to this external torque and the 

spring constant, respectively. From Eq. 2.1, the output stiffness is proportional to the spring 

constant and l
2

sb. From this equation, it may also be noted that the output stiffness is also 
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proportional to the deflection angle ϴ, and varies as this angle is changed. The position of the 

output shaft ϴ can be calculated as below (69): 

 

𝜃𝑜 = 𝜃𝑓 + 𝜃 = 𝜃𝑓 + 𝜏𝑒𝑥𝑡 𝑘𝑗⁄  

 

(2.2) 

 

 

Figure 2.11: Schematic representation of the cam-based 

variable stiffness actuator (Figure recreated from (69)). 

 

2.2.13   A leaf spring-based variable stiffness joint 

A leaf spring-based variable stiffness joint was suggested in (70) for use in a manipulators’ 

joint. Their proposed system utilized four leaf springs to achieve compliance. As shown in 

Figure 2.12, the springs were symmetrically fixed to the output axis. The mechanism 

consisted of four pairs of rollers, where each pair slides along the axis of the relevant spring. 

The distance between the axis and the rollers determines the effective length of the spring. In 

order to control the position of the output joint, as well as the output stiffness, independently, 

they used two actuators to change the effective length of the springs by moving the rollers 

(subsequently changing the output stiffness). The same actuators also were used to change the 

position of the output shaft by rotating all the springs and rollers around the main axis of the 

shaft. ψ shows this rotation in the figure. They experimentally illustrated the ability to 

independently control the stiffness and position in their actuator. The output torsional stiffness 

was modelled as: 

 

𝑆 = (𝑙 + 𝐷 2⁄ )
2
𝐸𝜔𝑡3

𝑙3
 

 

(2.3) 
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where S, l, D, E, ω, and t denoted the torsional output stiffness, effective length of the springs, 

diameter of the output axis, Young’s modulus, width, and thickness of the leaf springs, 

respectively (70). 

 

 

 

 
Figure 2.12: Schematic model of the leaf spring-based variable stiffness actuator. Sliding the 

rollers along the leaf springs would change the effective length of the springs and 

consequently change the output stiffness (Figure recreated from (70)). 

 

2.2.14   Antagonistic VSM  

A simplified model of the variable stiffness design discussed in section 2.1.6 was suggested 

by Grebenstein et al. (71, 72), and has been used as the actuation system in the DLR hand 

(73). Figure 2.13, depicts a schematic model of their design. As this figure shows, the model 

consisted of a DC motor, a pulley-tendon system and a slider-spring mechanism. The slider- 

spring mechanism was made of a linear compression spring, which was used to push the 

tendon in its rest position, forming the tendon into a triangle. The variable h shown in the 

figure determined the stiffness of the tendon. In order to achieve an independent position and 

stiffness controllability in each joint, they used a pair of the mechanism detailed here in an 

antagonistic manner for each joint.  

 

  
Figure 2.13: Antagonistic VSM used in DLR hand (71-73). 
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2.2.15   McKibben muscle 

McKibben is a relatively low cost, lightweight, small, soft and flexible actuator with a high 

power-to-weight ratio (74, 75).  

 

 

Figure 2.14: Schematic representation of a McKibben artificial muscle (74, 75). 

This type of actuator saw its first use in the early 1950s for the purposes of prosthetic limb 

research (76). The actuator, as shown in Figure 2.14, is commonly made of an inflatable 

bladder (generally made of rubber tube) covered by a braided mesh shell (77-80). The braided 

shell is made of non-stretchable threads. The behaviour of this actuator is similar to that of 

muscles in the human body. To actuate this artificial muscle, a high-pressure air supply, as 

provided by a pneumatic compressor, is required. As shown in the figure, the applied air 

pressure will inflate the internal bladder; consequently, the pressurized air pushes against its 

inner surface and the surrounding sleeve, thus increasing its volume. As the sleeve is made of 

non-extensible threads, the actuator starts to become shorter, thus generating force.  

 

2.2.16  Artificial muscles 

Pneumatic artificial muscles, e.g., McKibben muscles (74, 75) or PAMs (Pneumatic Artificial 

Muscles) (81-87), could be considered as an alternative to the mechanical spring and damper 

in designing variable stiffness, variable compliance systems. PAMs can generate a high 

power-to-weight ratio (82). These actuators also provide satisfactory compliance due to gas 

compressibility and the flexibility of the inflatable bladder. In an antagonistic layout, as 

shown in Figure 2.15, these actuators can be used to control both the stiffness and position of 
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the robot joints. To solve the limitation of the requirement for heavy compressors, which is an 

inevitable part of all pneumatic actuators, Vitale et al. proposed an energy transduction 

method that could be used to lead propellant-based chemical actuators (88, 89). The actuator 

was able to transform chemical energy into mechanical energy as an alternative to the use of a 

compressor. They used this method for a prosthetic under-actuated hand with 21 degrees of 

freedom and nine actuators. The fuel cartridge carried 200 mL of hydrogen peroxide, which 

could provide 55 kJ based on a 70% concentration. In-depth discussion about artificial 

muscles and their application in robotics can be found in (81-87). 

 

Figure 2.15: Two-artificial muscles in an antagonistic layout can control  

both the stiffness and position of the robot joints. 

 

2.2.17   Quasi-antagonistic variable stiffness actuator 

AMASC was proposed by Hurst et al (90) in order to generate the motion and control the 

impedance of the legs of a quadruped robot. The variable stiffness actuator was made of two 

DC motors which were coupled in a quasi-antagonistic configuration using two pulleys and a 

cable. The first actuator was used to rotate the first pulley J1, and provide the rotational 

motion in the joint of the legs, whereas the second motor was used to change the length of the 

springs and consequently the output stiffness of the legs. To get the nonlinear effect from the 

linear springs, which were linked with floating pulleys, the robot’s legs were connected to the 

second pulley J2. Instead of designing a mechanism to change the linear function of the 

spring, they used two nonlinear elastic elements.  

 

2.2.18   VSM for prosthetic limbs 

English et al. proposed a new variable stiffness structure for prosthetic limbs. To achieve the 

linear relationship between actuator co-contraction and joint stiffness, they suggested two 

quadratic springs in an antagonistic configuration (91). As long as the torques generated from 
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the two motors had the same magnitude in opposing directions, the output shaft would be 

placed in a fixed position. When the two motors rotated at the same speed but in different 

directions, the stiffness of the output shaft was changed due to the contraction of the two 

nonlinear springs. Therefore, if torques of different magnitudes were to be applied, the 

difference between the magnitudes would generate a torque, thus resulting in a rotation of the 

output shaft. 

 

2.2.19   VSA-Cube 

The VSA-Cube was based on a bidirectional antagonistic design which consisted of two 

driven pulleys, P1 and P2, and a main shaft, Psh, in the centre. The main shaft was connected 

to the pulleys via four tendons and four non-linear springs in the symmetrical arrangement 

shown in Figure 2.16. 

 

Figure 2.16: The VSA-Cube is made of four springs, two driven 

 pulleys and one main shaft (Figure recreated from (92)). 

 

The rotation of the pulleys, α1 and α2, in opposite directions causes the elongation of the two 

of the springs and hence increases the output stiffness, whilst rotating the pulleys in the same 

direction and same speeds caused a rotation on the output shaft with a fixed stiffness (92, 93).  

  

2.2.20   Variable physical damping actuator (VPDA) 

A semi-active friction-based variable physical damping actuator (VPDA) was introduced in 

(94). The VPDA consisted of a variable damping element. In order to induce a desired 

oscillation to the response of the actuator, they also used a passive torsion spring connected in 

parallel to the damping element. To produce an appropriate friction and to control the 

damping coefficient of the output shaft, they used three piezo stack actuators connected in 

parallel to apply a normal force to a rotating disk. This normal force generated friction and 

hence increased the damping ratio of the system. The output damping was a function of the 

piezos’ generated force.  
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Finally, Visser et al. (95, 96) proposed a variable stiffness actuator to provide a mechanical 

solution for independently controlling the position and stiffness. Similar to MACCEPA, they 

used a mechanical spring mounted on the lever arm of a variable effective length. The 

effective length of the lever arm, which was controlled via a servo motor, was used to change 

the output stiffness.  
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2.3   Compliant grasp 

 

It has been shown that the inherent passive properties of the human hand, in both serial and 

parallel combinations, play an important role in grasp stabilization (97-101). Various studies 

into the grasp of the human hand shows that as a preliminary response, to achieve a robust 

grasp, humans tighten their fingers by co-contracting antagonistic muscles and consequently 

increase the stiffness of the fingers just before perceiving impact (97). In-depth discussions 

into the effect of human hand impedance modulation in grasping stability can be found in (99-

101). Inspired by human hand, Kuo et al. designed a finger that was used to mimic the human 

index finger. Each three joints of their robotic finger had internal pulleys for tendon routing 

and joint rotation. To achieve a parallel stiffness, they used nonlinear stiffness elastomer 

materials which were inserted between two pulleys. The pulleys were connected to the 

rotating shaft of the joints and were rotated with the joints. The elastomer part was fixed to 

the housing case by two pairs of spacers and was deformed due to joint rotation (100).  

Kajikawa et al. designed a four finger, twelve joint variable stiffness robotic hand for human 

care service tasks. To reduce the number of the actuators in the hand, they suggested a linkage 

mechanism which coupled the distal and proximal interphalangeal joints and actuated these 

two joints via a single motor. To achieve compliance in the joints, they used silicon made 

from deformable cushions called SRCtrans. An expandable cushion, SRCstiff, has been used to 

compress the SRCtrans and consequently change the stiffness of the fingers. They used air 

pressure to inflate the SRCstiff  (102).  

A three-joint variable stiffness robotic finger was introduced by Yang et al. (103). Their 

design consisted of a soft pneumatic muscle and three pin heaters which were embedded in a 

shape memory polymer (SMP). The finger could bend by selectively heating the SMPs and 

due to internal air pressure of the pneumatic muscle. Additionally, the finger exhibited 

variable stiffness in different SMP’s temperatures.  

Yap et al. introduced a soft wearable exoskeleton glove for assistive and rehabilitation 

applications. They used embedded pneumatic actuators to actuate the exoskeleton. They 

showed that the stiffness of the fingers could be changed in different locations; however, this 

stiffness was not controllable (104). 

IRobot-Harvard-Yale (iHY) was an underactuated tendon driven, three-fingered, six joint 

compliant hand which utilized five DC motors to actuate the fingers. A circular magnetic base 
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was used to connect the fingers to the hand. This high-force breakaway coupler was used to 

prevent any damage due to collisions. The hand consisted of compliant flexure joints on the 

fingers’ joints to provide passive adaptability to the shape of the grasped object, three-

dimensional fingertip motions, as well as low-stiffness fingertip grasps. However, the 

stiffness of the joint could not be altered (105). A three-fingered, pneumatically actuated 

hand, PBO, was introduced by Deimel et al. in (106). The reinforced silicone rubber-made 

fingers in this hand used air pressure to actuate a bending motion. Each finger consisted of an 

active and a passive layer of silicon. The fingers were bent by applying air pressure in 

conjunction with the different mechanical properties of these two layers. The hand did not use 

any rigid materials in the fingers, which increased the robustness of the grasp in the instance 

of a collision. Small grip force and payload were the main disadvantages of this hand (106).  

2.3.1   Parallel passive joint 

Inspired by the human hand’s tendon routings, and with the aim of improving the grasp 

stability and dexterity in manipulation tasks, a parallel compliant joint has been suggested for 

robotic fingers in (107). A schematic model of this compliant joint is shown in Figure 2. 17. 

As shown in this figure, the design consisted of a rectangular-shaped compliant material 

which was fixed between a pair of pulleys. The pulleys were fixed to the rotating shaft of the 

joints in such a way as to allow them to rotate with the fingers about the fingers’ revolute 

joints. In order to fix the compliant part, they used two fixed pairs of pins, as shown in the 

figure. To prevent the complaint part from undergoing any undesired displacement, they used 

two clamps at the top of the pins. The rotation of the joint induced a tension on the compliant 

material, and consequently the compliant material created a passive torque due to its intrinsic 

properties. 

 

 
(a) (b) 

Figure 2.17: Schematic model of the parallel passive joint suggested in (107). (Figure 

recreated from (107)). 



37 
 

To achieve appropriate mechanical impedance properties for the wide range of joint angles 

inherent to the human hand, they suggested a design optimization method. They used this 

method to optimise the design variables (radius of joints, pulley and pins, the distance 

between centre of pulleys and joint and the thickness of the compliant component). Using an 

open-loop motion control to execute certain grasps, they proved experimentally that adding a 

parallel compliant component to the finger joints could improve the quality of the grasp. 

 

2.3.2   Adaptive SDM Hand 

Using polymer-based Shape Deposition Manufacturing (SDM), Dollar et al. designed and 

fabricated an under-actuated, adaptive and compliant grasper, as shown in Figure 2.18 (108, 

109, 110). In order to increase the friction and prevent undesired slippage, the grasp side of 

each link contained a soft finger pad. 

 

Figure 2.18: Schematic model of the Adaptive SDM Hand (108-110). 

 

A compliant joint flexure with a stiffness range between 0.0421 and 0.224 Nm/rad was used 

in the proximal and distal joints to connect the finger links, as shown in the figure. An 

embedded Hall Effect sensor in each joint was used to provide feedback regarding joint angle. 

A pre-stretched, nylon-coated, stainless-steel cable anchored into the distal link was used to 

transfer the actuation force from the actuator to the fingers and hence provide the motion. In 

zero actuation mode, the tendons, which were parallel with the flexible joints, remained slack, 

and hence the fingers remained in their maximum compliant mode. In actuation mode, 

however, the inelastic tendons reduced the flexibility of the fingers (increasing the fingers’ 

stiffness), consequently increasing the accuracy of the grasp. The stiffness constant of the 

joints was 0.19 Nm.deg for both proximal and distal joints, as based on the optimization 
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studies they developed to create a functional grasper. They showed that this stiffness enables 

the grasping of the widest range of object sizes with the greatest amount of uncertainty in 

object position (110). They also showed that the uncertainty of the grasping tasks can be 

satisfactorily accommodated by having optimal compliance and adaptability in the 

mechanical design of the hand. The experimental results provided demonstrated the 

robustness of the SDM hand in grasping objects in the presence of large positional errors. 

 

Inspired by the outstanding effect of the parallel compliance behaviour of human body joints, 

and more specifically the important role of this compliance in metacarpophalangeal joints, a 

two-finger, four DOF underactuated, tendon-driven gripper prototype was developed in (101). 

Two antagonistic compliant parts were used in this model to provide a parallel stiffness effect 

for each joint. A schematic model and motion equation for a single joint are shown in Figure 

2.19 and Eq. 2.4, respectively; MLink and B in this equation are the equivalent mass and 

damping ratio, Kp is the suggested parallel compliance part and u is the control input. 

  

Figure 2.19: Schematic model of a robotic joint with an added parallel spring (Figure 

recreated from (101). 

 

𝑀𝐿𝑖𝑛𝑘𝑥̈ + 𝐵𝑥̇ + 𝐾𝑃𝑥 = 𝑢 + 𝐹𝑒𝑥𝑡 
 

(2.4) 

 

From Eq. 2.4, it may be noted that increasing the stiffness constant of the parallel spring Kp 

does not change the apparent stiffness of the fingers and hence the grasp impedance will not 

change with changing Kp (101). However, on the other hand, the introduced parallel stiffness 

can be used to replace the software-based passivity of the joints with a real mechanical 

stiffness; clearly, such a replacement can increase the stability of the system (101). To 

emphasise the role of the suggested parallel stiffness, they first demonstrated that the 

feedback delay can destabilise the gasping task. Afterwards they concluded mathematically, 

as well as experimentally, that adding parallel compliance part to the gripper’s joint can 

reduce the sensitivity of the gripper to this delay and consequently increase the stability of the 

grasp. 
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2.3.3   HEU Hand II 

HEU Hand II was a non-anthropomorphic underwater robot hand presented by Meng et al. 

with the aim of grasping objects of different shapes, sizes and weights (111). The hand 

consisted of three identical fingers, where each finger was made of three joints, providing 

three degrees of freedom. Similar to the human hand, the two nearest joints axes to the palm 

orthogonally crossed at one point.  A six-axis FT sensor at each fingertip and encoder in every 

joint were embedded in HEU Hand II. They designed and used a neural network-based 

impedance control and the hand force tracking was achieved using the PBNNIC scheme. The 

HEU Hand II, which was a modified version of HEU Hand, consisted of a new optimized 

mechanism for power transmission, and a new design to prevent corrosion, and the sealing 

design, sensor system and control system were improved,  so it was considerably improved 

compared to the first version. 

 

2.3.4   Bio-mechatronic anthropomorphic artificial hand 

The bio-mechatronic anthropomorphic artificial hand was proposed by Zollo et al. (112). The 

hand was able to mimic the human hand. They addressed biomechatronics to harmonize the 

mechanical design of the hand with the control system. They used a conventional PD control 

law to obtain humanlike kinematics and dynamics, and refined the design of the hand after 

evaluating it by simulation. Due to some constraints coming from prosthesis hands, such as 

weight and size, they optimized the structure and the number of the actuators used. Their 

anthropomorphic hand consisted of three articulated fingers driven by four DC motors. The 

proposed under-actuated transmission system had the advantage of an adaptive grasp as well 

as passive compliance in distal joints which was achieved with a relatively small number of 

actuators.  

 

2.3.5   Modular hand 

A modular design for a robotic hand-assisted laparoscopic surgery was proposed in (113). 

They suggested this hand as an alternative for a human hand. The design had three fingers 

which provided nine degrees of freedom in a modular platform. The centre finger was 

mounted to the operational side from its end, whereas the right and left finger units were 

connected to the operational side outside the abdominal cavity. A similar design has been 

introduced by Park et al. The hand had no wrist joint and the role of wrist was performed by 
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three finger joints. The hand had four active fingers with sixteen joints driven by a DC motor 

and spur gear arrangement. The design represented a relatively lightweight (900 g in total) 

solution for a robotic hand. The hand provided only positional feedback from the joints, and 

the control design was a simple kinematic control. Experimental results for grasping under 

disturbances can be found in (114).  

 

2.3.6   MR actuated variable impedance gripper 

Pettersson et al. proposed a gripper mechanism that utilized the magnetorheological (MR) 

fluid in its variable impedance actuation mechanism. The gripper was designed for pick and 

place tasks in natural food product companies where the objects have different shapes and can 

be easily squashed. Reducing the risk of bruising through variable impedance gripping was 

the main advantage of the design, as claimed in (115).  

 

2.3.7   Three-finger hand with a new stiffness control method 

Maekawa et al. developed a three-fingered robot hand with a new method of controlling 

stiffness. Briefly, the hand was formed from three fingers, each of which included three joints. 

A tendon-sheath actuated by D.C. servo motor was the driver mechanism for each joint. An 

embedded potentiometer and a new tension differential-type torque sensor was used to 

provide torque feedback from each joint. They proposed a stiffness control scheme to control 

the apparent stiffness of the hand. Using the joints’ positions and torque feedback, the 

controller was conjointly controlling the position and stiffness of the joints in order to achieve 

the desired grasp impedance. Finally, they validated the proposed mechanism and designed a 

position-stiffness control method by conducting various grasping experiments (116).  

 

2.3.8   DLR-HIT hand  

The DLR-HIT hand is one of the more popular dextrous hands designed and fabricated by 

DLR laboratory (117, 118). The hand consists of four identically shaped fingers connected to 

the palm of the hand. There is also an extra degree of freedom in the palm. The hand utilises a 

Field Programmable Gate Array (FPGA) board to collect the feedback data in each joint. 

Point-to-Point Serial Communication (PPSeCo) connects the brushless DC motors to the 

palm’s FPGA. A PCI-based high-speed floating-point Digital Signal Processor (DSP) is used 
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as the kernel of the hardware system for data processing purposes. The FPGA boards provide 

a high speed (up to 25 Mbps) real-time serial control communication for the system. The hand 

uses the antagonistic variable stiffness mechanism explained in section 2.2.14 in order to 

control the stiffness and positions of the fingers and achieve a compliance grasp.  

 

2.3.9   Composite robot end-effectors 

A composite robot end-effector that incorporated optical fibre force sensors has been 

developed by Park et al. (119). Inspired by the receptors in arthropod exoskeletons, the 

proposed force sensor was able to estimate the contact locations in the fingertips. They also 

introduced a fabrication process that allowed them to build hollow multi material structures 

with embedded fibres. They used the experimental results collected from an industrial robot 

and a two-fingered dexterous hand to calibrate the sensors and to control contact forces in 

their hand. They also developed an optical interrogation method which helped them to collect 

the data from more than one sensor along a single fibre. Using this method helped them to 

achieve a closed-loop force control method with a baud rate in the kilohertz range (119).  

 

2.3.10   Octopus inspired arm 

Animal body embodiment is a dynamical coupling structure between sensorimotor brain-body 

control, muscular tissue materials, body anatomy and the dynamics of the body’s surrounding 

environment.  

The octopuses arm is a good example of a highly compliant arm embodied with an incredible 

dexterity. This omnidirectional, fully flexible arm has the capability to grasp objects and 

control stiffness along their entire length. 

Guglielmino et al. carried out in-depth neurophysiology and biomechanics analyses of the 

octopus arm (120). They also proposed an octopus-based continuum arm and a relevant 

control design in light of embodiment theory. The analyses they provided could be used to 

design and control an embodied soft robotic arm. They also demonstrated the capability to 

reproduce the motions performed by live octopus, such as contraction, elongation, bending, 

and grasping, in an experimental setting. In addition to its fully functional and flexible arm, 

for daily tasks this creature also use a sucker mechanism inside its arm, which provides the 

ability to achieve a sufficient reversible wet adhesion on different surfaces. 
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Inspired by the octopus suction mechanism, a suction cup was designed and developed by 

Tramacere et al. (121). As a benchmark for these suction cups, they performed a non-invasive 

technique-based investigation into the sucker’s morphology that allows octopi to stick to 

various wet surfaces. To make a 3D reconstruction CAD model of the octopus sucker of a 

similar size and anatomical proportion, they used images of contiguous sections of octopus 

suckers. They used this 3D information to develop their first silicone-made passive prototype 

of the artificial suction cups.  

A similar approach to the octopus-based suction cup was undertaken by Kier et al. (122). 

They proposed an octopus adhesion design, where to obtain suction, they tensioned the water 

volume inside the interior chamber of the suction cup. To model the suction of the cup, they 

measured the differential pressure between the external and internal water volume of the cup. 

The maximum pull-off force measured for their suction cups was 8 N (122).  

 

2.3.11   Reconfigurable gripper for flexible assembly tasks 

A reconfigurable gripper with six degrees of freedom was proposed by Yeung et al. for 

flexible assembly tasks. Their gripper had the capability to grasp the different geometric parts, 

rigidly holding them, and change the grasping points (123). The gripper consisted of three 

fingers. Each finger had two movable joints and two point contacts. Deflections of the gripper 

had been simulated by the finite element analysis to determine critical design parameters. The 

workspace and the kinematic model of the gripper were developed and the experimental 

results were performed and tested in grasping automotive body panels.  

 

2.3.12   Capstan brake mechanism for tendon-driven hands 

To improve the efficiency of tendon-driven hands, Kang et al. proposed a passive brake 

mechanism, a capstan brake, which consisted of a capstan and two one-way clutches (124). 

To gain sufficient braking force, the friction between the capstan and the cable amplifies a 

small resisting force. Generation of the brake force did not consume any energy in this design 

due to there being no additional actuator in the mechanism. The capstan was able to rotate in 

the winding direction using one-way clutches. Therefore, the brake force was exerted only 

when it was needed, so the brake did not affect the performance of the whole device. In order 

to evaluate the performance of the brake mechanism, they conducted a number of 

experiments, whereby the maximum brake force achieved by their mechanisms was about 55 
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N, which was suitable for a tendon-driven wearable robotic hand. However, the maximum 

brake force could be increased by increasing the number of windings.  

 

2.3.13   TUAT/Karlsruhe humanoid hand 

The TUAT/Karlsruhe humanoid hand was developed by Fukaya et al. (125) in order to 

achieve a similar performance to the human hand in grasping various objects and dealing with 

different environments. To eliminate the need for a touch sensor and feedback control, the 

hand was designed in such a way as to automatically adjust the grasp shape and grip force.  

2.3.14   PAM-based anthropomorphic robotic hand 

Inspired by human hand, Lau et al. designed a low cost, variable stiffness anthropomorphic 

robotic hand using pneumatic artificial muscles. Their proposed anthropomorphic design 

consisted of 16 DOFs in which 14 pneumatic air muscles were used to actuate the tendon-

driven fingers. They used an open-loop control scheme to control the fingers’ positions and 

stiffnesses. The hand was able to perform some basic grasps (126). 

 

2.3.15   RAMA-1 

RAMA-1 was a highly dexterous 48 DOF robotic hand designed by Rasakatla et al. (127). 

The robot consisted of joints which were based on magnetic sliding and spherical spheres and 

used tendons to actuate the fingers. It provided more degrees of freedom than the human 

hand. The new six DOF thumb in this hand had a greater range of motion than the ordinary 

thumb and improved the overall dexterity and manipulability of the hand. They tried to 

simplify the process and control task for robust grasping. They demonstrated through 

experiment that using an optimized passive compliant joint and adaptive coupling in the hand 

increases the adaptability of the large positioning errors that can occur in unstructured 

grasping tasks. 
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2.4   Robust grasp, Dexterous hand and in-hand manipulation 

2.4.1   Grasp synthesis 

 Grasp quality measure (also is called grasp synthesis) is a criterion for measuring the quality 

of grasp required in order to obtain a secure grasp. Indeed, it is used to automatically obtain a 

secure grasp by determining proper contact points on the object to be grasped as well as the 

correct finger configuration (171). Also, grasp planning refers to the decision making 

algorithms that establish the desired contact points on the surface of the object based on 

predefined criteria. Grasp planning is also used to generate the motion trajectory for the 

fingers in order to achieve an appropriate gripper configuration (172). Finding an appropriate 

grasp synergy, among the theoretically infinite number of candidates is a challenging task that 

requires a huge amount of calculation and processing time (173). There are two main 

approaches to solve the grasp synthesis problem, as follows (174).  

 

2.4.1.1   Empirical grasp synthesis  

The Empirical approach determines the most appropriate hand synergy for the defined grasp 

task using different methods such as learning by demonstration. This type of synthesis relies 

on the behaviour of the human hand and tries to mimic the human hand grasp (175). As an 

example, the robot can imitate the human grasp using some learning techniques such as 

imitation learning (176). Figure 2.20 depicts an example in which a simulated robot 

successfully grasped unknown objects using the imitation learning technique. In this example, 

the robot was trained to grasp random objects using its arms, torso and hands. To teach the 

robot a human-like grasp (demonstration mode) using a combination of three predefined 

primitives, they were grasping and lifting some simulated objects using a teleoperation haptic 

device. Afterwards, and in exploitation mode, the robot compared the target objects (the 

objects to be grasped) against the recorded information in its database trying to identify 

suitable motion primitives. The trained robot successfully lifted 92 out of 100 unknown 

objects randomly generated by the simulation environment. 
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Figure 2.20: The simulated robot successfully mimicked human grasps  

using imitation technique (176). 

 

A similar approach was developed by Lenz et al. (177) using an artificial intelligence 

algorithm. They developed a deep learning system for empirical grasp synthesis which used 

data collected from an RGB-D camera. Using a deep learning method eliminated the necessity 

for hand engineering features as the system was able to learn them directly. Furthermore, their 

learning methods outperformed the pre-modeled hand-engineered features as demonstrated in 

(177) in which they illustrate through experiment (using both offline and real platforms) that 

their proposed deep learning method was capable of performing a robust grasp synthesis for a 

wide range of unknown and random objects, including unknown objects, please see Figure 

2.21. 

 

 

Figure 2.21: Using the deep learning method introduced in (177), the robot could  

successfully perform a grasp synthesis. 

 

2.4.1.2   Analytical grasp synthesis  

This approach relies on mathematically modelling the physical interaction between the 

gripper (fingers) and object for achieving dexterity, stability, equilibrium and desired dynamic 
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behaviour. This synthesis needs to consider all the physical constraints and mechanical 

properties involved in the grasp (178). 

The dextrous hand must be controlled in such a way as to autonomously achieve the required 

grasp properties and consequently perform any required grasp tasks in a similar manner as a 

human does. All the grasp synthesis algorithms need to satisfy the following grasp properties: 

 

a) Stability  

The gripper has to be stable in isolated conditions and remain stable when interacting with an 

unknown object. Although any uncertainty in the grasp model can cause some errors, a stable 

grasp should remove the steady state errors from the grasp and limit the responses’ overshoot 

(transient errors) to within acceptable boundaries (179-181).  

As will be discussed in the upcoming chapters, the main problem in achieving a stable grasp 

lies in the estimation of the exact mechanical properties of the objects to be grasped. As 

shown in chapter 1, these mechanical properties are some of the main requirements for 

designing a stable grasp. Any miscalculation of the object’s mechanical properties can bring 

the poles of the system into the instability zone, even if the system is stable in isolation. In the 

presence of such uncertainties during grasping tasks, utilising any ordinary control methods 

will be difficult if not impossible. Despite all research in the field of vision-based AI 

algorithms used for object recognition, (15-19), these methods still require a lot of 

modification to become reliable enough for industrial applications. 

 

b) Disturbance resistance 

A promising mathematical model of a grasp must satisfactorily predict the outcome of the 

grasp under all the possible scenarios that might happen during grasp tasks. This outcome 

consists of the behaviour of the gripper and grasped object during the moment that the grasp 

takes place and after lifting the object. The term grasp maintenance refers to the reaction of 

the gripper and control in the presence of any disturbance, trying to prevent contact (between 

fingers and object), separation and undesired slippage. To do so, the grasp control 

continuously adjusts the grip force (37).  

Clearly, grasp maintenance is one of the most important requirements of any grasp,  and it 

guarantees a secure grasp in the presence of any model uncertainty in the grasp and any 

unknown disturbance. As will be discussed in the upcoming chapters, most of the 

disturbances in grasping tasks arise from inertial, centripetal and gravitational forces. 
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Determining correct contact points and appropriate grasp type to robustly overcome the 

disturbance are the main difficulties of the disturbance resistance problem (182, 183). A 

disturbance can be cancelled in any DOF by either form or force closure (Figure 2.22). 

 

 Form closure 

Figure 2.22 (left) depicts a specific type of grasp, the so called closure grasp. As can be seen 

from this figure, the gripper performs this grasp by wrapping the fingers around the held 

object and pulling it towards its palm. Let us assume that the hand shown in the left side of 

the figure grasped the object and afterward all the finger joints are locked and the palm is 

fixed in place. We call the object form closed if this assumption reduces the degree of 

freedom of the object to zero; this means that the object cannot move, even infinitesimally. As 

long as the actuators of the gripper provide enough torque to compensate the external 

disturbances, the gripper can maintain the grasp (184, 185).  

 

Figure 2.22: A 3-finger, 6 DOF hand, performing form (left) and force (right) closure. 

 

 Force closure 

A simplified grasp model can be written as shown below: 

𝐼ℎ(𝑞)𝑞̈ + 𝐵ℎ(𝑞, 𝑞̇) + 𝐽
𝑇𝜆 = 𝜏𝑎𝑝𝑝 

 

𝐼𝑜(𝑢)𝑣̇ + 𝐵𝑜(𝑢, 𝑣) − 𝐺𝜆 = 𝑔𝑎𝑝𝑝 

 

(2.5) 

where Ih and Io are inertia matrices, Bh and Bo denote the velocity product terms, gapp is a force 

vector applied to the object due to gravity and other external sources and τapp is a vector of 

actuation forces and any external perturbations. Gλ is the resultant wrench on the object by 
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the hand. Under the same assumption mentioned in the previous section, a grasp achieves 

force closure (the object is force-closed) if for any moment/force experienced by the held 

object there exist contact wrenches that satisfy equations (1). Clearly, from this explanation, a 

form closure grasp can be considered also as a force closure grasp.  

It is worth mentioning that despite the robustness of the form closure grasp, it is out of the 

scope of this thesis as form closure requires a grasp with many numbers of DOFs. Force 

closure on the other hand, can be achieved by even one degree of freedom which provides a 

low cost, simple grasp solution for industrial grasping tasks.  

 

c) Dexterity  

Generally, we call a grasp a dexterous grasp if the hand moves the grasped object in a manner 

compatible with the required task. When there is no specific grasp requirement, a dexterous 

grasp should theoretically be capable of moving the grasped object in any direction (178). A 

dexterous motion planning algorithm therefore has to achieve two main objectives (186): 

- Planning the motion of the object to achieve a desired configuration, or accomplish a desired 

task. 

- Planning the grasp or motion of the fingers required to impart this motion.  

 

In-hand manipulation (also called: dexterous manipulation) is a higher level of grasp planning 

and grasp control which involves changing the position of the held object with respect to the 

gripper by using only the fingers and without any external support. Rus developed a new 

method for efficient in-hand manipulation tasks (187). He suggested an algorithm to 

independently use the fingers to cooperatively manipulate an object between the fingers. In 

his experiments, he used some mobile robots to emulate the fingers. He illustrated through 

experiment that the differential control of an object’s reorientation can be formulated by 

tracking the fingers as individual linear systems. Finally, he demonstrated that in order to 

perform global one- and multistep reorientations he could iterated a single differential control. 

Donald et. al. used Rus’s proposed method for manipulation of heavy and large objects as 

described in (188,189). 

 

d) Equilibrium 

When the resultant of the applied forces and torques (by fingers and/or perturbations) applied 

on the grasped object is null, the grasp is in its equilibrium condition (171). The main 
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difficulty is to determine and control the grip force in order to continuously maintain the 

equilibrium conditions. 

 

 Contact model 

A taxonomy of eight contact models was proposed in (190) namely, point contact without 

friction, line contact without friction, point contact with friction, planar contact without 

friction, line‐line contact without friction, soft finger contact, line‐line contact with 

frictionand planar contact with friction. Figure 2.23 depicts the most frequently used contact 

models in the field of robotic grasping. The shown contact models are: (a) point contact 

without friction (b) point contact with friction and (c) soft-finger contact models (191). 

The point contact models (also called rigid-body contact model Fig. 2.23. a and b) assume a 

solid body for both finger and grasped object. In these models any collision between the 

fingers and object is assumed to be a discontinuous and instantaneous phenomenon where the 

kinematic and dynamic equations of the system are derived when the system is in stable 

conditions before and after the collision. 

In the soft finger contact model (also named compliant models, shown in Figure 2.23.c) we 

assume a flexible body property for the fingertips that are interacting with a solid body 

(grasped object). Unlike the former contact models, this model continuously describes the 

compliance of the contact in both normal and tangential directions. 

 

Figure 2.23: (a) point contact without friction (b) point contact with friction and (c) soft-finger 

contact models (Figure recreated from (191)). 

 

 Point contact without friction 

A point contact without friction is usually used to model the small and slippery contact 

surfaces between the fingertips and object. In this model, the contact point can only transmit 
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normal forces (the force that is perpendicular to the object surface at the contact point). This 

model assumes that both object and fingers are entirely rigid and imposes a no deformation 

constraint to the contact model. Although this model simplifies the grasp model and hence 

reduces the processing time of the grasp synthesis, it does not represent the precise contact 

properties of real grasp scenarios. Furthermore, in the case of grasps with multiple contact 

points, the frictionless point contact model does not distinguish a specific contact force from 

the others (192). 

 

 Point contact with friction 

This model is usually used to model a small contact surface with large (non-negligible) values 

of friction. Due to the very small contact surface in this model, and as shown in Figure. 1. b,  

the finger can only generate normal and tangential forces at the contact point and the frictional 

moments are assumed to be zero in this model (193).  

A plethora of research has been conducted attempting to model the complex friction 

phenomena (194). The most popular friction model, so called Coulomb friction, simply 

models the friction as a vector that opposes the relative motion between two surfaces where 

(regardless of the contact area and velocity of the motion) the magnitude can be calculated as 

shown below: 

|𝑓𝑓| ≤  𝜇|𝑓𝑛| (2.6) 

where ff , fn and µ in this equation denote the tangential friction force, applied normal force 

and friction coefficient of the contact respectivley. Figure 2.24 depicts a geometrical 

representation of a point contact with friction.  

 

 

Figure 2.24: Friction cone (left) and polyhedral friction cone (right)  

(Figure recreated from (191)). 
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As shown in this figure, the friction forces are usually shown by a friction cone where all of 

the possible frictional forces are constrained to be inside this cone. As shown in this figure, 

the cone is centred about the normal surface of the contact point with half angle β = tan
−1

(μ). 

In some specific conditions, the friction cone becomes a circular cone with the following 

geometry: 

(𝑓𝑥𝑖
2 + 𝑓𝑦𝑖

2 )
1
2⁄ ≤ 𝜇𝑓𝑛𝑖 (2.7) 

As shown in Figure 2.24 and in order to reduce the processing time, we usually replace the 

friction cone with a polyhedral cone with n faces. This will reduce the accuracy of the model, 

which is the price we are paying to eliminate the high processing time. It is also worth noting 

that the accuracy of the model can be improved by increasing the number of faces of the 

polyhedral cone which clearly slows down the processing time (191).  

 

 Soft fingertip contact 

This model is usually used to model the contact between a flexible fingertip and a solid object 

that is in frictional contact with a larger contact surface. The contact surface should be large 

enough to generate noticeable frictional force and moment (191, 195). The generated force 

and moments are always about the vertical axis shown by zi in Figure 2.24 . It should be noted 

that a limit surface that includes the frictional moment is replacing the friction cone in this 

type of contact model. In-depth discussion about grasp synthesis and contact modelling can be 

found in (193, 190). 

 

2.3.3 Optimal Contact Forces Computation 

The applied grip forces for a given grasp can be calculated by considering the dynamic 

equilibrium conditions of the grasped object. As in most cases, there are more contact points 

than the number required for a stable grasp and therefore there are sometimes more than one 

solution to the equilibrium problem. Therefore, the grasp controllers usually follow some pre-

defined optimisation criteria in order to achieve single or finite solutions. For example 

minimising the magnitude or inclination angles of contact forces are popular optimisation 

criteria (196). There have been a number of algorithms suggested in the last decades aimed at 

achieving a general grasp algorithm that satisfies a variety of general optimisation methods 

(191). Zheng et al. proposed an algorithm to improve computation efficiency since it was 

desirable to obtain the contact force distribution in real-time (196). To solve the slip 
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prevention problem with minimum deformation of the object, a novel active optimal force 

controller is proposed in this thesis  

 

2.4.1  Adaptive grasp with an under-actuated hand 

A multi-task myoelectric under-actuated hand is presented in (129). Adaptive grasp, as well as 

adaptable fingers-phalanges, are the main advantages of the design. The embedded self-lock 

metacarpophalangeal joints in the design were used to mechanically prevent the fingers to 

back drive in the presence of any external forces acting on the fingers. They also suggested an 

intermittent rotary motion in the carpometacarpal joint in the thumb finger. The adaptive hand 

used two actuators to perform different grasping motions. The adaptability of the hand 

reduced the necessity for electromyogram pattern recognition.  

Another good example of adaptive hands is the Matahand, which gained its inspiration from 

artwork and origami. The hand consisted of a metamorphic palm with a novel multi-fingered 

hand. They used a foldable and flexible palm to make the hand adaptable and reconfigurable. 

Adding additional motion to the palm enhanced the workspace of the hand, and the fingers 

were complemented with the palm motion. In order to examine the orientation and pose 

change of the hand, they used a 4-D ruled surface. They also developed an orientation–pose 

manifold from this pose–orientation ruled surface (130). 

  

2.4.2   Iterative learning control (ILC) 

The iterative learning control (ILC) algorithm was introduced by Chen at al. to solve the 

synchronous problem in multi-finger dexterous hands. They also claimed that they were able 

to guarantee that the system performed well by synchronizing the finger joints. They 

suggested a semi-Lyapunov composite energy function to analyse the stability of the system 

as controlled by their ILC control method (131).  

In order to imitate the synergistic behaviour of human hand, they also suggested an under-

actuated robotic hand for which they designed a torque control method. By controlling the 

number of hand synergies and using the null space, even the mechanical coupling properties 

could be assigned to some extent. Using the suggested controller and a low-level user 

interface, they could reduce their grasp-training time significantly. They also demonstrated 

that 74% of the database grasps were executable by using just two actuators among twelve. 
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They also demonstrated that to grasp objects with a dexterous robot hand, just two set points 

were sufficient. 

 

2.4.3   RL-based impedance control 

Inspired by the human body, a reinforcement learning method to control the mechanical 

impedance of the robot was proposed by Stulp et al. (132). In the presence of environmental 

disturbances, the human body uses a combination of two strategies to adapt its impedance to 

environmental perturbations. In fact, this adaption is used to minimize muscular energy 

consumption as well as positional error.  

1) In the presence of unpredictable disturbances, subjects attempt to increase their body 

impedance by co-contracting their muscle  

2) In the case that the environmental disturbances are deterministic, subjects attempt to learn a 

feed-forward sensorimotor command to compensate for the perturbation.  

They conducted a robot simulator platform to validate their learning method. Using their 

suggested model-free reinforcement learning algorithm, their 7-DOF simulated robot 

demonstrated human-like behaviour in the presence of both deterministic and stochastic 

disturbance fields. 

 

 2.4.4   Grasp simplifier 

With the aim of reducing the processing time of the grasp control, grasp simplifier methods 

were introduced in (133). The authors demonstrated experimentally that using adaptive 

couplings and optimized compliant joints in robotic hands can increase the robustness of the 

grasp in the presence of relatively large positional errors. In the case of positioning error with 

a maximum offset of 100%, through the use of the proposed simplification method, they 

could satisfactorily grasp objects up to a maximum diameter of 5 cm, whereas the hand was 

able to grasp objects with a maximum diameter of 10 cm when the offset of the positioning 

errors was up to 33% of the object size. Their achieved grasp autonomy, however, could be 

increased using the feedback data from angle of the joints and tactile sensor on the fingertips 

(133).  
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2.4.5   Impedance control in a flexible joint 

To control the mechanical impedance of the fingers in a flexible joint hand, two new control 

designs were proposed in (9). The target impedance in the authors’ grasp model was based on 

the desired stiffness and damping, though they neglected the inertia term of the impedance in 

their model. The two suggested cascade controllers consisted of one inner torque-feedback 

loop, and an outer impedance control loop. They used a physical interpretation of the rotor 

inertia to estimate the torque in the inner loop of the controllers. They then designed two 

different outer impedance controllers. The first controller used a combination of the motor 

shaft’s position and the system’s stiffness and damping term to control the impedance of the 

grasp, while in the second controller these parameters were merged such that under steady-

state conditions the desired equilibrium position could be satisfied. They also demonstrated 

that both controllers could be adapted to the visco-elastic properties of the joints. They 

experimentally verified the concept of the controllers using a DLR lightweight hand. 

Some complex tasks, such as unscrewing and screwing objects using a dexterous robotic 

hand, have been conducted by Karnati et al. in two different scenarios (128). First, they used a 

first finger and thumb to perform a given task, whilst in the second test they changed the first 

finger to the little finger. In order to develop an anthropomorphic solution, they recorded nine 

test subjects’ finger synergies when they were unscrewing and screwing a threaded cap. The 

results collected from their tests showed periodic motions in the joints with same frequency 

but differing amplitudes and phases. The collected data showed that the human hand’s joint 

motions during unscrewing are a mirror image of the screwing a lid back on. They suggested 

a set of sinusoidal trajectories to model this motion and a set of sinusoids with a common time 

vector for screw-unscrew tasks. For the screwing task, they decreased the time vector, and to 

produce the unscrewing task they increased the time vector; the computational cost, as well as 

complexity of the task, were significantly reduced through this method. Cartesian and joint 

space error analyses have been used to prove that the suggested sinusoidal motion trajectory 

closely follows the human hand’s motion profile. Using forward kinematics equations, and by 

relating joint angle offsets of the hand to object diameter size, they extended their bio-inspired 

sinusoidal trajectory to objects with different widths. They used a sliding mode motion 

control algorithm to ensure the stability of the grasp. The experimental results have been 

performed using four different objects with different diameters, and through these 
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experiments they showed that the robotic hand successfully unscrewed and screwed the 

objects.  

 

2.4.6   Adaptive slip prevention control 

In many applications, a robot must be able to grip a broad range of objects quickly and firmly 

without dropping or crushing them (134). Grasping an object in the presence of unpredictable 

external disturbances and/or a lack of any precise estimation of the geometry and mass 

distribution of the object itself represents a significant challenge. The main problem is that of 

the estimation of the exact gripping force required to prevent slippage whilst not damaging or 

deforming the object. 

A control scheme inspired by the human sensorimotor system is presented in (135), which 

shows how tactile feedback can be used as a primary means of completing a manipulation 

task. However, in this control architecture there is no direct sensing of object slippage and the 

initial grip force necessary to lift an object depends solely on the hardness information 

gathered during contact. Four different methods of hand prosthesis control with slip 

prevention were developed and examined in (136-138), three of which were based on sliding 

mode control (one open-loop and two closed-loop) and one on a closed-loop PD control, the 

latter being very similar to commercially available ones. The two closed-loop SMCs and the 

PD controller made use of strain gauges to detect forces along the normal and shear directions 

relative to the thumb motion. They used the derivative of the shear force as a feedback to 

prevent slippage. Results showed how the two closed-loop SMC-based architectures 

outperform the PD controller in terms of both slip prevention and object deformation.  

 

As will be explained in chapter four, the sliding mode control methods provide robustness 

against unmodeled variables of the system and any uncertainty within the model (e.g., 

friction) (139). Indeed, friction is one of the most important factors in maintaining a static 

grasp, but at the same time it is quite difficult to estimate the friction between the fingertip 

and grasped object before slippage occurs.  

A slightly different strategy, based on a fuzzy SMC and a disturbance observer, was used in 

(140), where only a slip sensor is used. No force feedback is implemented, and the grip is 

achieved through the combined control of finger angular position and slippage. The proposed 

control has the advantage of being compatible with a wide range of slip sensors and gripper 
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configurations, but the so-called chattering phenomenon introduced by the first-order SMC 

proved difficult to reduce or eliminate without compromising controller performance. On the 

other hand, it is well-known that High-Order Sliding Mode Controls (HOSMCs) have the 

advantage of reducing or removing chattering altogether while preserving robustness under 

uncertain conditions (141). However, at the time of this thesis, there are no relevant studies 

dealing with HOSMCs as applied to robot adaptive grasping. 

Chapter four and five of this thesis evaluate the robotic grasping performance using a 

HOSMC with feedback on gripping force and slippage. More specifically, a Hybrid adaptive 

Super Twisting Sliding Mode Control (HASTSMC) is compared to an adaptive First-Order 

Sliding Mode Control (AFSMC). Force and slip feedback are provided by low-cost, off-the-

shelf components.  

 

2.5   Discussion  

Research in the field of actuators with (passive) adjustable compliance and controllable 

stiffness grasping has been mainly driven by the development of effective, artificial hands for 

rehabilitation robotics, prosthetics and wearable robotics. In industry, however, there is a 

growing need for grippers with a high degree of (controllable) compliance, especially in food 

handling (given the wide variety of possible objects in terms of shape, weight, softness, 

fragility, etc. that might be encountered), where flexible and effective gripping is essential. 

And yet, in the industry, although there is an increasing demand for automation and robotized 

production lines, most robot grippers still rely on traditional mechanisms actuated by rigid 

pneumatic or electric actuators or are otherwise based on vacuum technology, which greatly 

limits handling capabilities, whereas compliance in such systems could potentially improve 

productivity and boost profits.  

Complexity of design, limited achievable force, weight, durability and cost issues are some of 

the reasons for the limited use of compliant grippers to date which have forced industry to 

continue with the use of traditional, rigid gripper mechanisms in automated lines. 

Most of the existing research on robotic grippers/hands with variable compliance/stiffness 

takes its inspiration from the human hand, mainly because its aim is to develop artificial 

hands. However, some fundamental concepts and ideas arising from this line of research can 

be exploited in order to create a new generation of industrial grippers that feature controllable 

stiffness for demanding industrial applications requiring flexibility in grasping tasks. 
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Following these and other similar studies, a plethora of variable stiffness/compliance designs 

have been proposed for robotic hands. The drawback of most of the proposed solutions is that 

“variability” does not necessarily involve full “controllability”. Commonly, the stiffness term 

in most variable stiffness actuators is coupled (and therefore changes) with finger posture. 

Whereas this could be sufficient to provide better functionality for prosthetic limbs during 

normal human activities compared to similar non-variant compliant systems, this is not the 

case in industrial scenarios, where, in order to implement effective grasping with a wide 

variety of soft (and rigid) objects, wide stiffness variability must be assured and achieved in 

real time (and therefore be fully tunable) in all possible gripper configurations.  

Fortunately, in designing industrial grippers there is not any typical morphological and 

physical constraints required for human prosthetics, hence it is easier to elaborate more 

effective solutions. Indeed, the possibility of realizing a very large interval of stiffness 

variability (theoretically from full compliance to perfect rigidity) depends on how stiffness 

variability is conceived and implemented in the gripper actuator design. 

For example, in (142) and (143), a 7 DOF multi-joint gripper comprising serially connected 

differential gear boxes uses two independent motors to control position and stiffness; 

therefore, stiffness can be controlled independently via gripper configuration. In this system, 

however, the variability of the stiffness is limited by the maximum elongation that the springs 

directly connected to each element of the chain can achieve within the range of their possible 

elastic deformation. A wider stiffness variability is achieved in (144), where variable 

(controllable) stiffness is implemented through an adjustable moment arm mechanism 

consisting of two spring blocks with an adjustable symmetrical position with respect to the 

gripper output shaft. As the spring blocks move outwards from the centre of the gripper 

towards the periphery, the contact point between the output shaft and springs defines a larger 

reactive torque (the moment arm increases) and the overall stiffness increases. This gripper is 

able to achieve wider stiffness variability than the previous one (in the range of 0.07 to 2.2 

Nm/deg), but the maximum achievable stiffness is still limited insofar as it depends on the 

gripper diameter (maximum moment arm) for the same type of spring. 

From a control point of view, a successful controller must be able to quickly grip a broad 

range of objects firmly without dropping or crushing them (134). Although there is a huge 

body of the literature available on robotic grasping, both detection and prevention of object 

slippage is still considered an open challenge for robotic manipulation. One of the main 
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reasons that it has been difficult to achieve human-like grasping for robots to date is the lack 

of a promising uncertainty/disturbance canceller grasp control, as well as any accurate tactile 

sensors with slip perception similar to that of human skin. 

In many applications, a robot must be able to grip a broad range of objects quickly and firmly 

without dropping or crushing them (134). Grasping an object in the presence of unpredictable 

external disturbances and/or a lack of any precise estimation of the geometry and mass 

distribution of the object itself represents a significant challenge. The main problem is 

estimation of the exact gripping force required to prevent slippage whilst not damaging or 

deforming the object (new). However, the presence of unpredictable disturbances and model 

uncertainty, SMC (Sliding Mode Control) has been shown to be entirely robust in solving 

control problems for a variety of tasks and experiments (145). Robustness to system model 

miscalculations, high responsively to bounded disturbances, a competitive simple 

computation process and an easily implemented algorithm are just some of the advantages of 

SMC when compared to other robust controller methods (146). Briefly, the task of the SMC is 

to drive the error states to a sliding surface and maintain them (that is, the error states) on the 

sliding surface thereafter.  

Despite all the mentioned advantages, there is nevertheless an inherent disadvantage to this 

method. The so-called chattering phenomenon introduced by the first-order SMC has proven 

difficult to reduce or eliminate without compromising controller performance. On the other 

hand, it is well-known that High-Order Sliding Mode Controls (HOSMCs) have the 

advantage of reducing or removing chattering altogether while preserving robustness under 

uncertain conditions (141). However, at the time of this thesis, there are no relevant studies 

dealing with HOSMCs as applied to robot adaptive grasping. 
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Chapter 3 

PASSIVE CONTROLLABLE STIFFNESS GRIPPER  

FOR ADVANCED, FLEXIBLE HANDLING 
 

3.1   Introduction 

As previously explained in Section 1.1.2, any uncertainty inherent to the grasp model can 

easily destabilise the port (fingers-object contact point) behaviour of the gripper when 

controlled by a conventional fixed gain control method. Figure 1.7 depicted an example that 

illustrates how the mechanical properties of the object (different stiffness) can move the 

system’s poles to the right side of the root locus plot, which leads to destabilising the grasp. 

As explained in the same section, one of the traditional approaches to eliminating this 

undesired destabilising effect is to include a passive elastic element between the finger and 

actuator. This passive element can increase the stability of the system in the presence of such 

uncertainties. In chapter two of this thesis, a range of variable stiffness/compliance designs 

have been reviewed and discussed. Although the actuators reviewed can still, to some extent, 

increase the stability of the system in interacting with the environment, their application in 

real-world industrial scenarios is still somewhat lacking.  

As far as grippers are concerned, complexity of design, small operational force and stiffness 

range, weight, durability and cost issues are amongst the various reasons that might cause 

industry to insist on the continued use of traditional stiff mechanisms.  

This chapter deals with two innovative robotic variable stiffness gripper designs, VSG1 and 

VSG2, for industrial applications.  The main objective of this work is to realize an affordable, 

as well as durable, adaptable, and compliant gripper for industrial environments with a larger 

interval of stiffness variability than similar existing systems. This chapter proposes two novel 

variable stiffness actuators designed to drive the tendon-driven under-actuated grippers. The 

driving systems of the proposed actuators consist of two servo motors and one linear spring 

arranged in a relatively simple fashion. Having just a single spring in the actuation system 

helps us to achieve a very small hysteresis band and represents a means by which to rapidly 

control the stiffness. It will be proven, both mathematically and experimentally, that the 

proposed models are characterized by a broad range of stiffness. To control the compliance of 

the fingers, a mathematical model of the stiffness is derived and presented. 
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The experimental results provided will show how, despite the relatively simple 

implementation of the first prototype, the gripper performs extremely well in terms of both 

stiffness and grasping control.  

The two passive, adjustable compliance, serial elastic actuators introduced in this chapter are 

suitable for industrial applications, both of which greatly reduce the limitation of the 

maximum achievable stiffness. As mentioned, the designs consist of only two servo motors, 

the combined motion of which are used to actuate the fingers and change the compliance of 

the joints. Non-stretchable tendons are used to transfer the force to the fingers. The designs 

provide a fast response solution by which to control the grip impedance; simplicity of design, 

small hysteresis band and affordability, as well as durability, are amongst their advantages. 

The overall concept’s architecture is based on the principle that a simple mechanism provides 

inherent robustness and reliability and, therefore, is able to withstand the severe working 

conditions inherent to the long and repetitive tasks typical of production lines.  

The remainder of this chapter is organized as follows: Section 3.2.1 provides an overall 

explanation of the first proposed variable stiffness gripper, called VSG1, followed in Section 

3.2.2, by a discussion of the stiffness model in both stiff and compliant status. Section 3.3 

reports experimental results on the first gripper performance for different stiffness values. 

Sections 3.3.1 provides a discussion about the design optimisation used to enhance the 

performance of the design in the second prototype, VSG2, followed, in Section 3.3.2 by the 

mathematical modelling of the gripper’s apparent stiffness and its associated force-

displacement function. Section 3.3.3 reports experimental results on VSG2‘s performance for 

different stiffness values. The chapter will end with final discussion and conclusion in Section 

3.3. Note that the terms “stiffness” and “compliance” and related adjectives (“compliant”, 

“stiff”) are used herein to indistinctly characterize, as opposing terms, the non-rigid behaviour 

of the gripper actuation system. 

It is worth noting that there is no benchmark (or international standard) list of test objects for 

testing grippers. However, table 3.1.a provides the mechanical properties of all the objects 

used for the experiments reported in this thesis. This was a sample group of objects that was 

produced for testing based on a range of typical objects found in food manufacturing and 

nuclear decommissioning which were the application areas chosen to demonstrate the systems 

developed. It should be noted that is it not the intension that each gripper design presented in 
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this work be able to grasp all of the objects detailed below, however, each item should be able 

to be grasped by at least one of the grippers developed.  



62 
 

Table. 3.1.a: The mechanical properties of all the objects used for the experiments reported in this thesis. 

Object Size (mm) 

 

Material Shape 

 

Weight 

(g) 

Deformable Stiffness 

(N/mm) 

Texture 

 

COM 

 

Damping 

N.s/mm 

Impact 

resistance 
μs** 

Kiwi 64×57×83 Fruit ellipsoid 115 Small 14.28 Prickly Fixed 26.8 Absorb 0.63 

Bell pepper 110×95×123 Fruit cylinder 47 Yes 2.7 Smooth Fixed 8.3 Absorb 0.54 

Strawberry 25×31×43 Fruit cone 18 Yes 3.4 Smooth Fixed 2.2 Absorb 0.48 

Lettuce 209×193×178 Vegetable sphere 493 Small 13.0 Rough Fixed 34.7 Absorb 0.56 

Orange 112×106×109 Fruit sphere 180 Small 12.4 Smooth Fixed 30.1 Absorb 0.58 

Apple 99×101×89 Fruit sphere 94 No 23.6 Smooth Fixed 21.4 Absorb 0.49 

Bread 149×114×94 Food cylinder 356 Small 8.6 Rough Fixed 5.4 Brittle 0.72 

Tomato 73×68×70 Vegetable sphere 85 Small 9.2 Smooth Fixed 18.7 Absorb 0.47 

Egg 55×56×68 CaCO3 ellipsoid 63 No solid Smooth Fixed _ Brittle 0.38 

Coffee 

canister 
88×72×82 Glass cubic 725 No solid Smooth Variable _ Rigid 0.55 

Beer can 85×85×69 Al cylinder 682 Yes 5.25 Smooth Variable 6.2 Deform 0.60 

Coke bottle 118×118×32 PET* cylinder 1746 Yes 2.0 Smooth Variable 9.3 Deform 0.74 

Cubic Piece 224×193×564 Wood cubic 3376 No solid Rough Fixed _ Rigid 0.68 

Cubic Block 125×125×140 Steel cubic 800 No solid Smooth Fixed _ Rigid 0.41 

Empty bottle 

 
99×97×184 PET cylinder 14 Yes 1.4 Smooth Fixed 2.6 Deform 0.66 

Foam 82×123×198 PLE cubic 91 Yes 1.8 Rough Fixed 5.3 Absorb 0.63 

Pipe 88×88×51 Galvanize

d iron 

cylinder 2800 No solid Smooth Fixed _ Rigid 0.39 
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Pipe 68×68×29 Cardboard cylinder 42 Yes 3.1 Smooth Fixed 3.8 Absorb/De

form 

0.42 

Wine glass 12×12×52 Glass cone 112 No solid Smooth Fixed _ Brittle 0.35 

Full 

sunflower oil 
95×95×22 PLA cubic 1820 Small 3.8 Smooth Variable 14.4 Absorb 0.61 

Block 550×380×220 Concrete cubic 13,500 No solid Rough Fixed _ Rigid 1.12 

Pipe 300×300×1780 Steel cylinder 20,000 No solid Smooth Fixed _ Rigid 0.30 

Chair 250×90×920 Foam, 

fabric,plas

tic 

unsymmet

ric 
16,000 Yes 7.7 Rough variable 16.1 Deform 1.4 

Pipe 215×215×523 PVC cylinder 4230 No 126 Smooth Fixed 85 Hardly 

deform 

0.32 

Empty box 340×232×470 cardboard cubic 137 Yes 4.4 Smooth Fixed 3.4 Deform 0.38 

Caution cone 760×320×320 P cone 135 Yes 45.6 Smooth Fixed 28.2 Absorb 0.11 

Foam 300×180×125 EPS cubic 187 Small 6.1 Rough Fixed 12.6 Absorb 0.74 

 

PET: Polyethylene terephthalate 

PLE: Polyurethane 

PLA: Polylactic acid 

EPS: Expanded Polystyrene 

PVC: Polyvinyl chloride 

 ** Static frictional coefficient between fingers and grasped objects (clean and dry surface). 

 

 

https://en.wikipedia.org/wiki/Polyethylene_terephthalate
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The product list above allows the creation of a design specification for the gripper as follows: 

 

Maximum dimensions of product to be  grasped = 300×300×1780 mm 

Minimum dimension of product to be grasped = 25×31×43 mm 

Maximum weight of product to be  grasped =  20,000 g 

Minimum weight of product to be grasped = 14 g
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3.2   VSG1  

This section introduces the design of a novel variable stiffness gripper (VSG1) for industrial 

robotic manipulators, which can be used for stable interaction (as discussed in Chapter 1) with 

the environment, as well as to control the applied grip force in the absence of any accurate 

force sensor.  

 

3.2.1  Design Explanation 

Similar to the majority of variable stiffness mechanisms that are referenced in this thesis, the 

proposed design consists of two rotational electric actuators. The actuators are two identical 

back-drivable 7 Nm servo motors whose mechanical and electrical details are reported in 

Table 3.1. A side view of VSG1 can be seen in Figure 3.1. 

 

 

Figure 3.1: The VSG1 introduced in this section. 

The two servo motors also can be seen in this figure. One of the servos, M1, provides 

rotational motion θ, whilst the second is used to produce a linear displacement, ΔB, along the 

wrist axis of the gripper. Figure 3.2.a depicts these servos and their corresponding motions. 

As can be seen from this figure, a rack and pinion gear arrangement is used to transform the 

rotational motion of M2 to achieve linear displacement. This linear motion has been used to 

move a slider along the wrist axis of VSG1 as shown in this figure. Motor M1 is mounted on 

this slider and follows the slider’s movements. As shown in the figure, there is a linear 

compression spring connected to the shaft of M1 through a rigid rod. Figure 3.2.a depicts a 

hole drilled in the centre of the shaft. 
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Model MX-64T 

Torque 5.5N.m 
(11.1V,3.9A) 

6N.m 
(12V,4.1A) 

7.3N.m 
(14.8V,5.2A) 

Speed 58rpm 
(11.1V) 

63rpm 
(12V) 

78rpm 
(14.8V) 

Communication Protocol TTL 

Baud rate 8000 bps ~ 4.5Mbps 

Controller PID 

Resolution 0.088 Degree 

Weight                                              
126 g 

Dimension    40.2 × 61.1 × 41 
mm         

 

Table 3.1: Mechanical and electrical specification of the servos used in VSG1. 

 

 

 

 

(a) (b) 

Figure 3.2: Schematic representation of the actuation system of VSG1. 

 

The rod slides through this hole and across the shaft’s axis. The linear compression spring is 

placed around the rod, also as shown. A spring holder pin in the bottom of the rod holds the 

spring in place. To transfer the driving force from the actuator to the gripper, a tendon 

establishes the connection between the rod and gripper, as shown in Figure 3.2.b, which also 

shows the tendon-fixing hole on the rod. The subsequent tendon-rod-spring configuration 

generates a compliance behaviour for the gripper which will be explained in the upcoming 

sections. Any external force on the gripper’s fingers will generate a tensile force which will 

be transferred to the rod-sprig system via the tendon. The force transferred to the rod will pull 

it, and consequently compress the spring where, as will be explained in the following section, 

the magnitude of this compression is a function of the force and θ.  
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3.2.2   Working Principle and Simulation 

This section, will explain the working principle of the variable stiffness mechanism. To do so, 

as depicted in Figure 3.3, there are two coordinate frames: (a) the reference coordinate frame 

OXYZ, and (b) the shaft coordinate frame 𝑜′𝑥′𝑦′𝑧′ which is parallel to the reference 

coordinate frame. By assuming that the shaft coordinate frame is fixed to the shaft of M1 in 

such a way that 𝑜′ is in this shaft’s geometric centre, as shown in the Figure. Here, the green, 

purple, and blue springs represent different angles of θ due to the rotation of the shaft of M1 

around the 𝑥′ axis. From this figure, the linear motion of M2 is along the Y direction of OXYZ. 

The combination of motions of M1 and M2 provide the ability to independently control the 

stiffness and position of the fingers, as will be explained below.  

 

 

Figure 3.3: The combination of the motions of M1 and M2 provides 

the ability to change the stiffness and position in VSG1. 

 

In Figure 3.3, the dashed lines represent the tendon that establishes the connection between 

the rod and gripper. As already mentioned, this tendon is used to transfer the driving force 

from the variable stiffness mechanism to the gripper. The apparent stiffness of the fingers, δo, 

is dependent on the angle between the rod and tendon, and this stiffness changes according to 

this angle. M1 is used to change this angle, and hence control the stiffness of the gripper.  

Now let us remove the gripper from its actuation system and assume that the tendon is pushed 

by an external force, F, as shown in Figure 3.4. Hence, we can write: 

 

|𝐹 cos 𝛼| = 𝐾𝑧𝑠
′  (3.1) 

 

Where α, as shown in the figure, is the angle between the rod and tendon, Z’s is the amount of 

co-contraction in the spring due to the force F, and K denotes the spring constant.  From Eq. 

3.1 we can write: 
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𝑧𝑠
′ = 

|𝐹 cos 𝛼|

𝐾
  

(3.2) 

 

 

 

Figure 3.4: The output stiffness of the gripper, δo, is a function of α. 

 

the rotation of the servo motor M1 is assumed to be bounded as below: 

 

0 ≤  𝜃 ≤
𝜋

2
 (3.3) 

From Eq. 3.3 and 3.2 we can write: 

𝜋 ≤  𝛼 ≤
𝜋

2
  

(3.4) 

0 ≤  |𝑧𝑠
′|  ≤  

𝐹

𝐾
 

 

Equation Eq. 3.4 illustrates the minimum and maximum co-contraction of the spring (which is 

equal to the displacement of the rod) due to the external force F on the tendon. In this 

equation, zero co-contraction corresponds to |𝛼| =
𝜋

2
; assuming the tendon is inelastic, and the 

shear deformation of the rod is negligible, we can thus write: 

   |𝛼| →
𝜋

2
        𝛿𝑜 → ∞   (3.5) 

and 

    𝑚𝑖𝑛 𝛿𝑂 = 𝐾 𝑓𝑜𝑟 𝛼 = 𝜋 (3.6) 

 

where δo is the output stiffness of the VSM. Figure 3.5, depicts the gripper at both its 

minimum and maximum stiffnesses. In this figure, the red gripper corresponds to the stiff 

gripper with infinite stiffness (zero compliance), whilst the blue corresponds to the gripper 

with minimum stiffness (δo = K). As shown in the figure, in the infinite stiffness 

configuration, the angle between the tendon and spring, α, is a right angle, whereas in the 

minimum stiffness configuration, the tendon is along the spring (α = π). Figure 3.6 depicts the 

force-displacement curves collected from a simulated VSG1 in MSC Adams multibody 

dynamics simulation software integrated with MATLAB simulink. 
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Figure 3.5: VSG1 in its maximum (red) and minimum (blue) stiffness configurations. 

In this simulation, a spring with a stiffness constant of 10 N/cm has been used. The Young’s 

modulus, diameter and density of the tendon have been set 20 GPa, 0.3 mm and 4 g/cm3, 

respectively. In this figure, the slope of the curves at each point represents the output stiffness, 

δ0, at that point. As expected from Eq. 3.5 and 3.6, the lowest stiffness δo occurs for the 

largest angle of α (in this figure 175°) and the highest stiffness takes place at the smallest 

value of α (135°). As this figure shows, the output stiffness between the green and black 

curves increases steadily, with each curve associated with α angles of 170°, 165°, 160°, 155°, 

150°, 145° and 140°, respectively.  

 

 

Figure 3.6: Force-displacement curves for the VSG1.  

 

3.2.3   Experimental Results and Discussion 

To validate the concept of the proposed variable stiffness mechanism, a gripper prototype 

(Figure 3.7) characterized by two fingers has been developed. This figure shows the gripper 

and its capability to grasp and lift objects of different stiffnesses and weights. Figure 3.8 
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reports actual measurements of the displacement d for different values of applied force in the 

presence of different rotations of M1 (θ = 5°, 10°, 15°, 20°, 25°, 30°, 40° and 55°).  

To collect these data, a spring with a stiffness constant of 0.3 N/mm has been used. The solid 

lines in this figure correspond to experimental results, whereas the dashed lines have been 

collected from the associated simulation model. To collect the experimental results, the 

gripper has been removed from the actuation system and, by hanging different weights on the 

tendon, the associated elongation of the tendon, d has been measured. The fact that the 

experimental results do not perfectly coincide with the equivalent simulation results shows 

that there are unmodeled features (e.g., the variable friction of the rod inside the shaft hole 

and the friction between the tendon and pulleys) which could be reduced by improving the 

gripper design. The upcoming section will introduce VSG2, which is a modified version of 

VSG1, and explain how enhancing the shaft of M1 can reduce friction and improve the 

functionality of the VSM. 

  

 

Figure 3.7: Different objects with different sizes and stiffnesses, as lifted by the VSG. 

 

In order to test the capability of the fingers to follow a desired trajectory in the presence of 

different stiffnesses, a trajectory tracking experiment was performed using a Sin(5t) motion 

input applied to M2. Figure 3.9 depicts the hardware setup of this experiment. The output of 

this experiment was the rotation of the fingers (left finger in the figure) about the fingers’ 

joint. This rotation has been measured by a rotational encoder mounted on the joint of the 

right finger. Figure 3.9, also depicts a rigid object (fire brick) placed between the fingers. It is 

not important what this object is as long as it satisfies the infinite stiffness condition (K) 
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and so a brick was chosen as one of the potential objects that can be found in the industrial 

application environments. This brick was used to stop the fingers in their movement at a 

certain position. An FSR (Force Sensitive Resistor) sensor was mounted on this brick to 

measure the grip force.  

 

Figure 3.8: Experimental results (solid lines) versus simulation  

results (dashed lines) for the force-displacement test. 

 

Figure 3.10 shows the experimental results collected from this experiment. To perform this 

test, the angle θ was set to 0°, 10°, 20° and 30° where the subplots a, b, c and d show the 

finger trajectories associated to these angles, respectively. The green dashed lines in this 

figure depict the desired input trajectory (applied to M2), whereas the solid blue lines show 

the actual motion of the fingers measured by the encoder. As shown in this figure, the 

increased stiffness of the fingers acts to stabilize the system where the finger with higher 

stiffness (θ = 30°) follows the sinusoidal trajectory with a reduced error.  

Figure 3.10.e depicts the grip force applied by the gripper to the fire brick, as measured 

through the FSR sensor. The figure shows that the applied force increases by increasing the 

value of θ and, consequently, the stiffness. The smallest force (the black line in the figure) 

measured for the test was for the smallest θ, which corresponds to the smallest stiffness. As 

this figure shows, the grip force was increased with increasing θ. This was expected, as larger 

θ corresponds the greater stiffness of the finger, so for a given displacement, the larger 

stiffness must generate the greater force. 

Figure 3.8.a depicts the rack and pinion mechanism used in the VSG1 in order to convert the 

rotation of M2 to a linear motion used to move the sliding mechanism. 
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Figure 3.8.a: The rack and pinion mechanism of VSG1. 

Eq. 3.7.a shows the relationship between the angular rotation of M2 and the linear 

displacement of the slider where ΔB in this equation depicts this linear displacement.  

∆𝐵 =  2𝜋𝑅𝑝𝜃𝑀2 ± 𝐵𝑠ℎ (3.7.a) 

In this equation, ϴM2 and Rp denote the angular rotation of M2 and the radius of the pitch 

circle of the gear in the rack and pinion mechanism and Bsh is the backlash of the system. The 

maximum backlash of the system is measured as ±0.04 mm. This backlash can be reduced in 

the future by increasing the accuracy of the machining in the fabrication process. 

From Eq. 3.7.b the resolution of the linear motion can be calculated as bellow: 

𝑟∆𝐵 = 2𝜋𝑅𝑝𝑟
𝜃𝑀2 ± 𝐵𝑠ℎ  (3.7.b) 

Where 𝑟∆𝐵 and 𝑟𝜃𝑀2denote the resolution of the linear motion and the resolution of the motor 

M2 respectively. From Table 3.1, for the resolution of M2 is 𝑟𝜃𝑀2 = 0.088°. By knowing the 

radius of the pitch circle of the gear Rp = 2.4 mm, and from Eq. 3.7.b the resolution of the 

linear motion of the slider can be calculated as below: 

𝑟∆𝐵 = 2𝜋 × 2.4 × 0.088 ± 0.04 =  1.32 ± 0.04 𝑚𝑚 (3.7.c) 

 

Finally, Figure 3.11 depicts the hysteresis that occurs in the displacement-force curves for 

different values of θ. These results were obtained by gradually applying an external force and 

measuring the associated displacement, d (as previously undertaken for the force-

displacement curves) and then gradually removing this force. To perform this experiment, a 

spring with a spring constant of 0.55 N/mm has been used. It is worth noting that the 

hysteresis shows a well-known phenomenon in Variable Stiffness Actuators (VSAs) (93), and 

this is particularly evident in this case for low stiffness values. The curves in this figure show 
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small variations in displacement of the order of only 2 mm as introduced by the largest 

hysteresis band, which could be further narrowed down through a better variable stiffness 

mechanism design aimed at reducing friction and damping in mechanical couplings. 

 

 

Figure 3.9: Hardware setup for the trajectory tracking experiment. 

 

 
 

 

 
 

(a) 

 
 
 

 

 
 

 

(b) 

 
 

 

 

 
 

 

(c) 
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(d) 

 
 
 

 

 

    

(e) 

 
Figure 3.10: (a, b, c, d) Finger’s motion (solid lines) versus desired trajectory (dashed lines) 

for the sinusoidal trajectory tracking experiment for θ  = 0°, 10°, 20° and 30° respectively. (e) 

FSR sensor measurements of the impedance force exerted by the fingers on the brick. 

 

 
Figure 3.11: The hysteresis curves of VSG1 for different values of the rod angle. 

 

3.3   VSG2  

A novel variable stiffness mechanism was introduced in the previous sections of this chapter. 

As explained the proposed mechanism provides a low cost, fast and durable solution to the 

control of both of position and stiffness of the fingers. As explained previously, the 

mechanism has been used to drive a two-finger tendon-driven gripper, VSG1. Unlike most of 

the variable stiffness mechanisms referenced in this thesis (which provide relatively small 

force/torque and hence can only be used in robots with a small range of payloads), the 
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proposed variable stiffness mechanism can be used for both low and heavy payload grippers. 

There is, however, a limitation on using this mechanism in the heavy payload grippers. The 

upcoming sections will explain this limitation and the modification method to overcome such 

limitation. 

 

3.3.1   Design Explanation 

Despite all the explained advantages, there is, however, a limitation on using the proposed 

variable stiffness mechanism as an actuation system for heavy payload grippers. This 

limitation arises from the relatively high dry friction between the shaft hole and rod. This is 

due to the large contact surface between the inner side of the hole and the rod. In order to 

reduce this friction, the shaft of M1 is modified in the second prototype. Instead of using a 

hole, in the new design the shaft of M1 utilises a pair of pins to hold the rod in place. Figure 

3.12.a shows a CAD model of the modified shaft, whereas Figure 3.12.b depicts M1 and both 

designs of its shaft. The left side of this figure shows M1 in the first prototype, VSG1, whilst 

the right side shows the motor and its enhanced shaft as used in VSG2. This figure also shows 

the rod and spring configuration for both designs. The contact surface between the shaft and 

rod are shown  

 

 

 

  

(a) (b) 

 

Figure 3.12: (a) CAD model of the modified shaft of M1 used in VSG2. (b) Schematic model 

of M1 used in VSG1 (left) versus M1 with the modified shaft used in VSG2 (right) 

 

by cc. From this figure, it may be noted that the contact surface in VSG2 is decreased 

dramatically and, as a result, the friction between the rod and shaft in VSG2 is lower than in 

VSG1. It is worth noting that the lower friction in VSG2 causes a smaller hysteresis in the 

force-displacement curves, as will be discussed in the upcoming sections. Similar to VSG1, 
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VSG2 utilises two identical 7 N.m servo motors, M1 and M2, whose mechanical and electrical 

specifications are reported in Table 2.1. The gripper system of VSG2 is a three finger, six 

degrees of freedom tendon-driven gripper that was designed and fabricated as a part of this 

work. A side view of the gripper and its actuation system is shown in Figure 3.13.  The two 

servo motors are also shown in the figure. Alike VSG1, one of the servos, M1, is used to 

rotate the rod-spring system, whilst the second servo motor, M2, is used to generate a linear 

motion. In order to reduce the size of the actuation system, the rack and pinion gear 

arrangement of VSG1 is replaced with a 3D printed tendon-driven slider mechanism in 

VSG2. A tendon connects the shaft of M2 to the slider and transfers the motor’s torque to the 

sliding force. Using this force, the slider can slide up and down along the wrist axis of the 

gripper. A CAD model and a schematic model of the new variable stiffness actuator are 

shown in Figure 3.14. As shown in this figure, the first motor, M1, is fixed on this slider and 

follows the slider’s movements. Similar to the first model, a tendon-pulley arrangement is 

used to transfer the driving force from the actuator to the gripper. As previously explained, the 

gripper utilises a linear compression mechanical spring that is mounted to the shaft of M1 

through a rigid rod, as shown in Figure 3.14. The rod slides perpendicular to the shaft of M1 

through a pair of pins across the shaft’s axis. A spring holder in the bottom of the rod holds 

the spring in place and a tendon fixing hole is used to fasten the tendon to the rod. 

 

Figure. 3.13: The three-finger variable stiffness gripper, as introduced in this section. 
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3.3.2   Modelling the stiffness function 

The output stiffness of the variable stiffness mechanism is modeled in this section. To derive 

the stiffness function as depicted in Figure 3.15, there are two coordinate frames: (a) the 

reference coordinate frame, OXYZ, and (b) the shaft coordinate frame, oʹxʹyʹzʹ, which is 

parallel to the reference coordinate frame and whose origin lies at the geometric centre of the 

shaft of M1, as shown in the figure. In this same figure, the purple line shows the tendon 

making the connection between end of the rod and the gripper. The linear motion generated 

by the slider and M2 is along the Y-axis of OXYZ. The combination of the motions of servos 

M1 and M2 provides the ability to change the stiffness of the gripper. Alike VSM1, the 

apparent stiffness of the gripper in this system is related to θ, the angle between the rod and 

the Y-axis, and this stiffness changes according to this angle. The first motor, M1, is used to 

change this angle and control the stiffness of the gripper. To model the output stiffness, let us 

assume that there is an external force from the environment acting on the fingers. This 

external force is shown by Fe in Figure 3.15. Clearly, the tendon transfers this force from the 

finger to the actuator; the tensile force F in Figure 3.16 represents the transferred force. For 

clarity, the gripper is not shown in this figure. From the above we can write: 

 

|𝐹 cos α1| = 𝐾𝑧𝑠
′  

 

 

(3.7) 

 

 

 

 

 

 

Figure 3.14: A CAD and a schematic representation of the second variable stiffness design. 
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where α1 is the angle between the rod and tendon, K is the stiffness constant of the spring and 

zʹs is the displacement of the rod (which is equal to the co-contraction of the spring) due to the 

pulling force F. From Eq. 3.7 we can write: 

 

𝑧𝑠
′ = 

|𝐹 𝑐𝑜𝑠 𝛼1|

𝐾
 

 

 

(3.8) 

Similar to VSG1, the maximum rotation of M1 is assumed to be bounded as 𝜃 ≤
π

2
. Thus, for 

α1 we have: 

 

𝜋 ≤ α1  ≤
π

2
 

 

 

(3.9) 

So, from Eq. 3.8 and 3.9 we can write: 

 

0 ≤  𝑧𝑠
′  ≤  

|𝐹|

𝐾
 

 

 

(3.10) 

 

 
Figure 3.15: Schematic model of VSG2. 

 

Figure 3.16: The tendon is pulled by F and the spring is compressed due to this force. 

where, similar to VSG1, this equation shows the minimum and maximum co-contraction of 

the spring due to the external force, F. From Eq. 3.10, it may be noted that zʹs = 0 when α1 = 

π/2 and, assuming that the tendon is inelastic and the shear deformation of the rod is 

negligible, we can write: 
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𝛼1 →
π

2
          δO → ∞   (3.11) 

and 

 

𝑚𝑖𝑛 𝛿𝑂 = 𝐾|𝛼1=𝜋 

 

 

(3.12) 

where δO is the apparent stiffness of the gripper. Figure 3.17 shows the gripper in both its 

open and closed states with minimum and maximum stiffness. In this figure, the red grippers 

correspond to the stiff gripper with the maximum (ideally infinite) stiffness, whilst the blue 

correspond to the gripper with minimum stiffness, which is equal to the stiffness of the spring, 

K. As shown in Figure 3.17, in both states related to the gripper with maximum stiffness, the 

angles between the tendon and rod are perpendicular, and for the blue grippers, which 

correspond to the minimum stiffness, the tendon lies along the rod and spring (α1 = π).  

In order to derive the stiffness function of the gripper, let us assume that the displacement of 

the tendon due to the above-mentioned external force is equal to d.  

Figure 3.18 depicts this force and its associated displacement. For clarity, the gripper have not 

shown in this figure. D0 represents the distance between rod’s end point (tendon-rod fixing 

point) and the wrist of the gripper. Z’ is the length between rod’s end point and the centre of 

the shaft of M1 before applying the force. D1 is the distance between rod’s end point and 

gripper wrist after applying the force. z’s shows the displacement of the rod’s end point due to 

co-contraction of the spring after applying the force. Using the law of sines, we can write: 

 

Figure 3.17: VSG2 at maximum and minimum stiffness. 
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sin 𝜃 =
𝐷0  sin 𝛼0

𝐵
 

 

 

(3.13) 

where θ  is the angle between the rod and Y-axis, B is the distance between the centre of the 

shaft of M1 and wrist point of the gripper, and α0 is the angle between the tendon and rod in 

their initial positions. After applying the force, and by using Eq. 3.13, we can write: 

 
 sin 𝛼1
𝐵

= 
 𝐷0 sin 𝛼0
𝐵𝐷1

 

 

 

(3.14) 

Assuming that the tendon is perfectly inelastic, we can write: 

 

𝐷1 = 𝐷0 − 𝑑 
 

 

(3.15) 

 

Figure 3.18: Position of the rod and tendon before and after application of force F. 

Using Eq. 3.14 and 3.15 we have: 

 

𝛼1 = 𝑠𝑖𝑛
−1
 𝐷0 𝑠𝑖𝑛 𝛼0
(𝐷0 − 𝑑)

 

 

 

(3.16) 

And by again using the sine law and Eq. 3.15, we can get: 

 
𝑠𝑖𝑛(𝛽0 + 𝛽1)

𝑧′ + 𝑧′𝑠
=
𝑠𝑖𝑛 𝜃

𝐷0 − 𝑑
 

 

 

(3.17) 

where β0 and β1 are shown in Figure 3.18. By simple calculation, we get: 

 

𝛽1 = 𝛼0 − 𝛼1 
 

 

(3.18) 

substituting Eq. 3.18 into Eq. 3.17 we obtain: 

 

𝑧′𝑠 =
(𝐷0 − 𝑑) 𝑠𝑖𝑛(𝛽0 + 𝛼0 − 𝛼1)

𝑠𝑖𝑛 𝜃
− 𝑧′ 

 

 

(3.19) 



81 
 

Finally, from Eq. 3.16 andEq. 3.19 we can conclude: 

 

𝑧′𝑠 =
(𝐷0 − 𝑑) 𝑠𝑖𝑛 (𝛽0 + 𝛼0 − 𝑠𝑖𝑛

−1(
 𝐷0 𝑠𝑖𝑛 𝛼0
(𝐷0 − 𝑑)

))

𝑠𝑖𝑛 𝜃
− 𝑧′ 

 

 

 

(3.20) 

Also, from Figure 3.16 we have: 

 

𝐹′ = −𝐹 𝑐𝑜𝑠 𝛼1 = 𝐾𝑧
′
𝑠 

 

 

(3.21) 

where F’ is the decomposed element of F along the rod axis. Adding Eq. 3.16 and Eq. 3.20 to 

Eq. 3.21 we can write:  

 

𝐹 =
𝐾
(𝑑 − 𝐷0) sin (β0 + α0 − sin

−1 (
 𝐷0 sin α0
(𝐷0 − 𝑑)

))

sin θ + 𝑧′

cos (sin−1(
𝐷0 sin α0
𝐷0 − 𝑑

)
 

 

 

 

 

(3.22) 

Where: 

 

{
𝐷0  = √𝐵

2 + 𝑧′2 − 2𝐵𝑧′ cos 𝜃

β0 = sin
−1(𝑍′(

sin𝜃

𝐷0
))              

 

 

 

(3.23) 

 

Eq. 3.22 and 3.23  formalize the relationship between the applied force F and d for different 

θ, which entails the nonlinearity of the output stiffness δo. The set of curves in Figure 3.19 

shows how F changes when d varies over a discrete range of θ  (from 0 to 40°) in two 

different views. In these figures, the lowest line shows the stiffness of the gripper when θ  = 

0. As expected, and due to the linear spring used in the actuator, there is a plateau in the force-

displacement relationship for this angle, and the slope of this line is equal to the stiffness of 

the spring, K. From this figure, and entirely as expected, the slopes of the curves increase with 

increasing θ as the highest line, the red curve, is associated to the greatest angle θ = 40°. 

In more generic terms, the stiffness of a grasp can be modelled by a relationship between the 

applied force and the displacement due to this force (92): 

 

𝛿𝑂
𝜃 =

𝜕𝐹

𝜕𝑑
|
𝜃

 

 

 

(3.24) 

where the term 𝛿𝑂
𝜃  highlights the dependence of the gripper’s stiffness on the angle θ. As 
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shown in Figure 3.19, this stiffness increases with increasing θ. It is worth noting that from 

Eq. 3.22 and 3.23, the fingers’ stiffness, δo, is also dependent on the stiffness of the spring K 

and the variable B. Figure 3.20 shows the effect of different values of K and B on the output 

stiffness of the gripper. As can be noted from this figure, the output stiffness of the gripper 

increases with increasing K and/or B. 

 

 

 

 

 

 

 

Figure 3.19: Stiffness of the gripper δo for different values of θ. 
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Figure 3.20: Stiffness of the gripper δo for different values of K and B. 
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3.3.3   Experimental results 

To demonstrate the concept of the variable stiffness gripper, VSG2, a tendon-driven gripper 

prototype has been fabricated (Figure 3.21), as characterized by three fingers and six joints 

(two joints per finger). This figure shows the gripper and its ability to grasp objects of 

different stiffnesses and weights. Figure 3.22, reports actual measurements of the 

displacement d for different values of applied force and rod angles (θ = 5°, 10°, 15°, 20°, 25°, 

30°, 40° and 55°). The experimental curves are shown by solid lines. Similar to VSG1, to 

collect these results, the gripper has been removed from the actuation system and, by hanging 

different weights on the tendon, the associated elongation of the tendon, d has been measured. 

The stiffness coefficient of the spring used in this experiment was 0.3 N/mm. The dashed 

lines in this figure were calculated from the stiffness model described by Eq. 3.22 and 3.23. 

The fact that the overlap of the two curves are showing better coincidence compared to the 

results shown in Figure 3.8 illustrates the reduced friction and unmodeled features in VSG2 

compared to VSG1. To evaluate the response of the gripper and the gripper’s compliance to a 

sinusoidal input a trajectory tracking experiment has been performed, similar to the one 

shown in Figure 3.9, and the results of which are shown in Figure 3.23. In this test the angle θ 

has been set to 0°, 10°, 20°, 30° and 40°. Then the second motor, M2, has been actuated with 

a sinusoidal motion input Sin(5t) and with a rigid fire brick placed in the way of the fingers. 

This brick was used to stop the fingers in their movement at a certain position. An FSR (Force 

Sensitive Resistor) sensor was mounted on this brick to measure the grip force. 

 

 

 

 

Figure 3.21: Different objects with different sizes and flexibilities lifted by VSG2. 
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Figure 3.22: Experimental measurements of the displacement d for different values of applied 

force and rod angles (θ = 5°, 10°, 15°, 20°, 25°, 30°, 40°  

 

In Figure 3.23.a, b, c and d, the solid red lines show the actual motion of the fingers whilst the 

dashed green lines show the reference motion. Figure 3.23.e corresponds to the force applied 

by the fingers on the rigid brick, as measured through a force sensor. As expected, the figure 

shows that the applied force increases with increasing value of θ and, consequently, the 

gripper stiffness. 
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(e) 

 
Figure. 3.23: Trajectory and force tracking for a stiffness-controlled gripper colliding with a 

physical rigid brick for θ  = 0°, 10°, 20° and 30° respectively. 
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Figure 3.24 shows the stiffness hysteresis curves for different values of the rod angle, θ, 

obtained by gradually applying an external force and measuring the associated displacement, 

d (as previously undertaken for the force-displacement curves) and then gradually removing 

this force. To allow comparison the hysteresis curve of VSG1 is also plotted. To perform this 

experiment, a spring with a constant of 0.55 N/mm has been used. Comparing these results 

with the hysteresis curves obtained from VSG1, it is evident that VSG2 shows better 

performance as per the smaller hysteresis band (maximum reduction = 74%, average 

reduction = 43%) observed. Clearly this hysteresis could be further narrowed through a better 

gripper design aimed at reducing friction and damping in mechanical couplings. 

 
 
 
 
 
 

VSG1 

 
 
 
 
 
 
 

VSG2 

 
Figure 3.24: The spring hysteresis curves for different rod angles. 

 

Finally Figure 3.25 depicts the magnitude bode plot of the fingers’ motion for different values 

of θ. As expected, it can be seen that the peak magnitude decreases with increasing θ, 

consequently increasing the stiffness of the finger. 
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Figure 3.25: Magnitude bode plot for VSG2 for θ = 5°, 10°, 20°, 30° and 40°. 

 

3.4   Discussion 

Two novel variable stiffness mechanisms have been presented in this chapter. The 

mechanisms introduced provide a driving force for the tendon-driven grippers with an ability 

to control the position and stiffness of the fingers. The designs consisted of two rotational 

servo motors. One of the servo motors, along with a linear compression spring, was used to 

control the stiffness of the fingers whereas the other motor was responsible for changing the 

fingers’ position. In order to control the apparent stiffness in the fingers, a mathematical 

model of the stiffness as a function of the shaft angle has been derived. The stiffness has to be 

tuned manually and is based on prior knowledge of the objects that will be handled. The 

experimental results confirmed the effectiveness of the proposed variable stiffness 

mechanism. The gripper designs introduced were characterized by a large variability in 

stiffness, which is an essential requirement for a highly flexible handling system, and is 

particularly useful in food industry scenarios. The grippers are also characterized by their fast 

response and small hysteresis band. The simplicity of their design, besides providing a low-

cost solution, guarantees the inherent reliability and robustness of these mechanisms. It should 

be mentioned that in performing the grasping task with both of the grippers, the apparent 

output stiffness needs to be manually adjusted but this does not need to be done for every 

product. Any stiffness setting will have a range of products that can be grasped. 
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Chapter 4 

ROBUST GRASP CONTROL 

 

4.1   Introduction 

In the previous chapter, two novel variable stiffness gripper designs has been proposed. The 

mechanisms introduced can be used to control the grip force applied through simple control of 

the stiffness and compression of the integrated spring. Moreover, as explained in chapter one, 

these increase the robustness of the fixed gain controllers when dealing with objects with 

uncertain stiffness. Note that the uncertainty in the object’s stiffness is not the only 

uncertainty in the grasp. In the design of any control system, and more specifically grasp 

control, there are always mismatches between the actual system and its dynamical model. 

These mismatches arise for various reasons such as external disturbances, linearization of 

nonlinear parameters, neglected and/or unmeasurable parameters (such as friction). In the 

presence of such uncertainties during grasping tasks and due to unknown external 

disturbances, utilising any ordinary control methods will be difficult if not impossible. Robust 

control methods, and more specifically sliding mode control, however, are an alternative 

solution to overcoming such difficulties (141,145, 146). The second contribution of this work 

is to realise a robust control method capable of performing a stable grasp in the presence of all 

the mentioned uncertainties. To do so, first, this section will explain the theory and concept of 

sliding mode control (SMC), which as mentioned is a particular method of robust controller 

theorem. It will be shown how, in the presence of unknown external disturbances, an SMC 

can robustly and in a finite time converge the state variables to the reference point. The main 

advantages of SMC, including robustness, insensitivity to the external disturbance and finite 

time convergence, are discussed in numerous examples and simulation plots. More 

specifically, the advantages of using this control law to control the grasp will be discussed in 

depth.  

 

4.2   Gripper test platform 

Figure 4.1 shows one of the grippers designed and developed as part of this research. The 

gripper used for the tests and results reported in this chapter was mounted on a KUKA KR10 
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with a 10 kg payload. The gripper consists of two fingers connected to the shaft of two servo 

motors through joints J1 and J2. A simplified schematic model of this gripper is shown in 

Figure 4.2. To model the fingers’ motions and grasping task, two coordinate frames are used, 

as shown in this same figure, a reference coordinate frame OXYZ fixed on the base of the 

robot, and a finger coordinate frame o’x’y’z’, which is parallel to the reference coordinate 

frame. The gripper is designed such that the fingers are always parallel and move in the XZ-

plane. However, for simplicity, it will be assumed that the displacement of the fingers is linear 

along X axis. This means that according to Figure 4.2, the fingers’ actuation force Fa, will 

always be applied along the X-axis. For clarity, only one actuation force is shown in this 

figure. fd(x,t) and Г(xf, vf) in this figure represent an external disturbance and any unmodeled 

resistance force such as dry and viscous friction, respectively, whilst a constant MF denotes 

the fingers’ mass.  

 

Figure 4.1: The two-finger gripper mounted on the KUKA robot. 

 
Figure 4.2: Schematic model of the gripper and the coordinate frames used. 
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The state variables of the fingers are chosen as below: 

 

𝑋1 = 𝑥𝑓 

 

𝑋2 = 𝑋̇1 = 𝑣𝑓 

 

 

(4.1) 

where xf and vf denote the fingers’ displacement and velocity along the X-axis, respectively. 

By assuming a unit mass for the fingers and from Figure 4.2 and Eq. 4.1 we can write: 

 

𝑋̇2 = 𝐹𝑎 + 𝑓𝑑(𝑥𝑓 , 𝑡) + Γ(𝑥𝑓 , 𝑣𝑓) 

 

(4.2) 

The disturbance and uncertain resistance forces can be rewritten as a single force, as per 

below: 

 

𝐹𝑑𝑢(𝑋1, 𝑋2, 𝑡) = 𝑓𝑑(𝑥𝑓 , 𝑡) + Γ(𝑥𝑓 , 𝑣𝑓) 

 

 

(4.3) 

From Eq. 4.3 and 4.2 we can write: 

 

𝑋̇2 = 𝐹𝑎 + 𝐹𝑑𝑢(𝑋1, 𝑋2, 𝑡) 
 

(4.4) 

The aim of this section is to design a control law that asymptotically drives the fingers to the 

desired position in the presence of a bounded Fdu Eq. 4.5. 

 

|𝐹𝑑𝑢(𝑋1, 𝑋2, 𝑡)| ≤ 𝐷                 𝐷 > 0 
 

(4.5) 

where D in this equation is the boundary limit of Fdu.  

 

4.3  Proportional-Derivative position control  

It is worth noting that, as explained in Section 1.1.1 of chapter one, any external disturbance 

and uncertainty of the model makes an asymptotic convergence of the state variables a 

challenging task for conventional controllers. As an example, let us assume a conventional 

proportional-derivative feedback control for the gripper design shown in Figures 4.1 and 4.2. 

Eq. 4.6 shows this control law:  

 

𝐹𝑎 = −𝐺𝑝𝑋1 − 𝐺𝐷𝑋2 
 

(4.6) 

In an isolated situation (Fdu = 0), this controller can drive the states variables to the origin (or 

any desired state). Figure 4.3 illustrates this convergence. However, in the presence of a 
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bounded external force and uncertainty (Eq. 4.5), the above-mentioned controller can only 

drive and keep the state variables X1 and X2 inside a bounded area. 

 

 
Figure 4.3: When the gripper is isolated from the environment, the conventional proportional-

derivative position control will drive the state variables to the origin in a finite time. 

 

 

As an example, the response of the gripper with the same controller and in the presence of a 

bounded external force: Fdu(X1, X2, t) = cos(2t) and a square pulse wave are shown in Figure 

4.4 and Figure 4.5, respectively. It is worth noting that, the frequencies were chosen as they 

are representative of the speeds that a task may be performed at by a human in an industrial 

application. From these two figures it can be noted that, unlike the isolated condition, the 

controller is very sensitive to the model uncertainty and unknown external disturbances, and it 

can only maintain the state variables inside a bounded domain in the presence of a bounded 

external force. To conclude, despite the convenience of utilising conventional control methods 

to control the isolated systems, there is an inherent disadvantage to them; they are very 

sensitive to model uncertainties and unknown external disturbances. To overcome this 

disadvantage, in the following section it will be explained an alternative control method, 

Sliding Mode Control (SMC). After an in-depth discussion about the concept of this approach 

as applied to robust control, it will be shown the response of the SMC designed for the 

examples discussed above, which will demonstrate the capability of this control method to 

overcome associated uncertainties and unknown external forces. 
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Figure 4.4: System response for a bounded disturbance Fdu(X1, X2, t) = cos(2t)  

in the presence of a proportional-derivative control law. 

 

 
Figure 4.5: System response for a bounded square wave disturbance in the  

presence of a proportional-derivative control law. 

 

4.4   First-Order Sliding Mode Control Design 

This section explains the concept of sliding mode control and the way in which this controller 

can achieve an asymptotic stability in the presence of an undesired external force and 

unknown parameters of the system model. To do so, and assuming the system shown in Eq. 

4.1, let us first define a linear equation for the first state variable X1, as below: 

 

𝑋̇1 + 𝜂𝑋1 = 0     𝜂 > 0 

 

(4.7) 

where the general solution for this differential equation is: 

 

𝑋1(𝑡) = 𝑋1(0) 𝑒
−𝜂𝑡 

 

(4.8) 

From Eq. 4.1 and 4.8 we can write: 
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𝑋2(𝑡) = −𝜂𝑋1(0) 𝑒
−𝜂𝑡 (4.9) 

From Eq. 4.8 and 4.9 we can write: 

 

lim
𝑡→∞

𝑋1(𝑡),   𝑋2(𝑡) = 0 

 

(4.10) 

Eq. 4.10 illustrates an asymptotic convergence of the state variables to the origin. Now we 

need to design a control law that provides such a compensated response for the state variables. 

To do so, a new variable, the so-called sliding variable, has to be designed in the state space 

as below.  

 

𝜎(𝑋𝑛) ∶ 𝑅
𝑛 → 𝑅 

 

𝜎 = 𝜎(𝑋1, 𝑋̇1, 𝑋̈1  … , 𝑋1
𝑛) = 𝜎(𝑋1, 𝑋2, … , 𝑋𝑛)  

 

 

(4.11) 

As shown in Eq. 4.11, the sliding variable, σ, is a scalar function of the state variables. A 

common form chosen for the sliding variable is given as per below, which as shown in this 

equation is a function of state variables and the scalar value η.  

 

𝜎 = [
𝑑

𝑑𝑡
+ 𝜂]

𝜆

𝑋  

 

𝜆 = 1        𝜎 = 𝑋2 + 𝜂𝑋1 
 

𝜆 = 2        𝜎 = 𝑋3 + 2𝜂𝑋2 + 𝜂
2𝑋1 

 

 

 

(4.12) 

Considering the sliding variable as below: 

 

𝜎(𝑋1, 𝑋2) = 𝑋̇1 + 𝜂𝑋1 = 𝑋2 + 𝜂𝑋1     𝜂 > 0 

 

(4.13) 

From Eq. 4.13 it can be noted that driving the sliding variable to zero (Eq. 4.14) in a finite 

time will cause an exponential decrease (with the convergence rate of η) and eventually an 

asymptotic converge to the state variables.  

 

𝜎(𝑋1, 𝑋2) = 𝑋2 + 𝜂𝑋1 = 0    𝜂 > 0 

 

(4.14) 

It should be noted that equation (Eq. 4.14) represents a straight line in the state spaces, and is 

called a sliding surface. In short, to achieve an asymptotic convergence for X1 and X2, it 

should be found a way to drive the sliding variable to the sliding surface in a finite time.  

From Eq. 4.1, 4.3 and 4.13 we can write: 
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𝜎̇(𝑋1, 𝑋2) = 𝜂𝑋2 + 𝐹𝑎 + 𝐹𝑑𝑢(𝑋1, 𝑋2, 𝑡) 
 

(4.15) 

Eq. 4.16 and 4.17 illustrate a candidate for Lyapunov function and its relevant stability 

condition about the sliding surface, respectively. 

 

Λ𝜎 =
𝜎2

2
 

 

(4.16) 

 

Λ̇𝜎 < 0 𝑖𝑓  𝜎 ≠ 0  
  

 

(4.17a) 

 

lim
|𝜎|→∞

Λ𝜎  = ∞  

 

 

(4.17b) 

Clearly from Eq. 4.16, the condition Eq. 4.17.b is always satisfied. Rewriting the condition 

Eq. 4.17.a as: 

  

Λ̇𝜎 ≤ −𝜉√Λ𝜎(𝑡)   

 

(4.18) 

where ξ is a positive constant. From Eq. 4.18, in a finite time, Ts, the selected Lyapunov 

function, will reach zero. Where:  

 

𝑇𝑠 ≤ 
2√Λ𝜎(0) 

𝜉
  

 

(4.19) 

 

From Appendix A, The control force Fa in Eq. 4.20, 4.21 and 4.22 which satisfies condition 

Eq. 4.17 drives the sliding manifold to the origin in a finite time, Ts. 

 

𝐹𝑎 = −𝜂𝑋2 − Ω sign(𝜎) 
 

(4.20) 

where: 

 

sign(𝜎) = {
1                                𝜎 > 0

   ∈ [−1, 1]                  𝜎 = 0    
−1                             𝜎 > 0

 

 

(4.21) 

and: 

Ω = D +
𝜉

√2
 

(4.22) 

The constant D in Eq. 4.22 is responsible for compensating the external disturbance shown in 

Eq. 4.5, whilst the term 
𝜉

√2
 determines the reaching time to the sliding surface (σ = X2+ηX1 = 
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0); clearly this reaching time can easily be calculated by inputting ξ into Eq. 4.19. The control 

law shown in Eq. 4.20 is called the first-order sliding mode control. More information about 

first-order sliding mode control can be found in (141,145,146) 

Figures 4.6 and 4.7 depict the results of the gripper system explained in Section 4.2 as 

controlled by an SMC in the presence of a sinusoidal and a pulse wave external disturbance. 

These unit threshold external disturbances are also shown in these figures. To perform the 

test, η and Ω have been set to 1 and 1.5, respectively, and the initial condition of the state 

variables have been set to X1 = 1 and X2 = -1.5. As shown in these figures, the controller 

satisfactorily derived the sliding variable σ toward the sliding surface (σ = 0) and kept the 

sliding variable at the sliding surface thereafter. Consequently, starting from initial conditions, 

the state variables have vanished to zero after only a short transient period, as illustrated in 

these figures. Comparing the results from the conventional PD controller shown in Figure 4.4 

and Figure 4.5, the results shown in these two figures demonstrate the robustness of the 

sliding mode controller in compensating for external bounded disturbances.  

The phase plot of the state variables are shown in Figure 4.6.d and Figure 4.7.d. As these 

figures depict, there are two distinct phases in these plots. These two phases are called the 

Reaching phase and Sliding phase, shown by Rph and Sph in the figures, respectively, where 

Rph corresponds to the time taken for the controller to drive the sliding variable to the origin 

and Sph represents when the controller drives the state variables toward the reference point 

along with the sliding surface. 
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(a) 

 
 

 

(b) 

 
 

 

(c) 

 
 

 

(d) 

 
 

 

(e) 

 

Figure 4.6: Results of the gripper system controlled by a first-order sliding  

mode controller in the presence of a sinusoidal external disturbance. 

 



98 
 

 

 

(a) 

 
 

 

(b) 

 
 

 

(c) 

 
 

 

(d) 

 
 

 

(e) 

 

Figure 4.7: Results of the gripper system controlled by a first-order sliding  

mode control in the presence of a square wave pulse external disturbance. 
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As already described, the scalar constant η in Eq. 4.13 corresponds to the convergence rate of 

the state parameters where the larger the value of η the faster the convergence of the state 

variables. Figure 4.8.a illustrates the effects of η on the gripper system. The solid lines in this 

figure correspond to the response of the first state variable X1 (position of the finger) whilst 

the dashed lines show the response of the second state variable X2 (velocity of the finger). To 

perform this test, the above-mentioned sinusoidal disturbance has been applied. The blue, red, 

green and violet lines in this figure correspond to the convergence rates η = 0.5, 1, 1.5, and 2, 

respectively.  

 

 

(a) 

 
 

 

(b) 

 
Figure 4.8: The effect of convergence rate on the response of the gripper  

controlled by an SMC. 

 

The results of the sliding variable for the different convergence rates are also shown in 

subplot (b) of this figure. This figure clearly illustrates the consistency of the controller’s 

performance in driving the sliding variable from its initial condition to the origin for all of the 

convergence rates tested. It is worth noting that from Eq. 4.13 the initial condition of σ can be 

written as below: 

 

𝜎(0) = 𝑋2(0) + 𝜂𝑋1(0) 
 

(4.23) 

Where X1(0) = 1 and X2(0) = 1.5 for the state variables, equation Eq. 4.23 clearly explains 

why the initial condition of σ changes from -1 to 0.5 when changing the convergence rate. 

Figure 4.9 depicts the effects of different Ω for the above-explained gripper system. Subplot 

(a) of this figure corresponds to the states’ responses whilst subplot (b) depicts the sliding 
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variable. The solid lines in this figure represent the position of the fingers and the dashed lines 

correspond to the fingers’ velocity. As shown in this figure, the sensitivity of the controller to 

the external disturbance decreased by reducing  Ω such that the controller cannot keep X1, X2 

and σ at zero in the presence of the unit amplitude external force when Ω is smaller than 1.   

 

 

(a) 

 
 

 

(b) 

 
Figure 4.9: Effect of different values of Ω on the (a) states’  

responses and (b) sliding variable. 

 

It is worth noting that despite the robustness of the first-order sliding mode control to 

overcoming unknown bounded disturbances, and in spite of insensitivity of this control 

architecture to any uncertainty in the model, there is nevertheless an inherent disadvantage to 

the FSMC. Due to the discrete behaviour of the sign function shown in Eq. 4.20 and 4.21, the 

outputs of the systems controlled by an FSMC have a tendency to oscillate; this behaviour is 

referred to as the chattering phenomenon, CHPH (141, 145, 146), as demonstrated by Figure 

4.10. As shown in this figure, in the chattering mode that occurs in the steady-state phase, the 

control force Fa and the sliding variable σ fluctuate with very high frequency between Fa = -

Ω and Fa = Ω. The small amplitude, zigzag shape and high frequency behaviour of X1, X2 

and σ which correspond to the chattering phenomenon can be observed by zooming in on 

Figure 4.6.b, d and e; where Figure 4.9.a, b and c, respectively, show zoomed and cropped 

plots. It should also be noted that, theoretically, the chattering frequency of the sliding mode 

control should be infinite; however, in reality, due to control boards’ limited clock pulse, the 

maximum 



101 
 

 

Figure 4.10: Chattering phenomenon in a system controlled by an FSMC. 

frequency of the chatter will be equal to control board’s clock pulse. The sample time for this 

example has been set to 1 KHz. 

 

 

 

(a) 

 
 

 

(b) 

 
 

 

(c) 

 
Figure 4.11: Zoomed plot of the Figure 4.6. 

4.4.1  Disturbance rejection 

To qualify the robustness of the first-order sliding mode control, it has been developed a more 

realistic case study as illustrated in Figure 4.12. As shown in this figure, the above mentioned 
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gripped has been used in this test to grasp and lift a T-shaped object from its thinner end. The 

inertial properties of the object are [Mb Ixx Iyy Izz] = [1.1 1.3 1.3 0.4] kg, respectively, where Mb 

and IxxIyyIzz are the object’s mass, and diagonal terms of the inertia tensor, respectively. To 

perform the test, an appropriate grip force has to be found in a way that the gripper can lift the 

object firmly and in such a way that the object does not fall; this is called a secure grasp. 

Clearly the appropriate grip force for a secure grasp is dependent on the friction coefficient 

between the fingertips of the gripper and the object’s contact surface. In this test, the secure 

grip force has been found by trial and error. After securely lifting the object, the robot moves 

linearly along the X-axis of the base frame OXYZ, where this movement provides a linear 

displacement for the gripper and held object. To provide an adequate disturbance, a sinusoidal 

velocity has been set for the robot that creates an accelerated and decelerated motion. This 

motion is shown by ag in Figure 4.12. A schematic model of the gripper and grasped object is 

also shown in Figure 4.13. According to this figure, and due to the law of conservation of 

angular momentum, the object exerts an external disturbance on the gripper in the presence of 

the accelerated motion. As shown in this figure, if the applied grip force is not sufficient to 

compensate this disturbance, the held object will swing between the fingers. The objective of 

this case study is to test the stability of the embedded FSMC as well as to evaluate the 

robustness of this controller to overcome the external disturbance. In short, the successful 

controller must hold the object firmly. Recall that from Section 1.1.1 in the first chapter, any 

proportional-integral (PI) motion control that satisfies Eq. 1.6 can overcome the mass of the 

grasped object. However, that is not the case for this test, as in this experiment the control 

task is to overcome the effect of the manipulator’s disturbing force (as the result of the 

manipulator’s accelerated motion). Note that the effect of the manipulator disturbing force in 

this example can be considered equivalent to Fb in equation Eq. 1.8 of chapter 1. As was 

discussed in that chapter, in the presence of the object’s resistive force Fb, the PI motion 

control is not a good candidate for the grasp control as it leads to a steady-state error on the 

fingers (Please recall Figure 1.5). 
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Figure 4.12: A grasp case study to test the robustness of the embedded FSM in the gripper. 

 

Figure 4.13: Schematic model of the gripper and held object moving  

together in an accelerated and decelerated manner. 

 

Figure 4.14 represents a schematic model of the first-order sliding mode control architecture 

explained in this section, whilst Figure 4.15 shows the behaviour of the controlled gripper in 

the presence of the manipulator disturbing term.  

 

Figure 4.14: Schematic model of the gripper-FSMC system used in this test. 

 

In Figure 4.15.a, the zero value in the X-axis represents the initial position of the fingers 

before the manipulator starts its motion. This position is defined as a reference. As this figure 

shows, by choosing a value larger than 35 for Ω (Ω ≥ 35), the FSMC could robustly overcome 

the manipulator’s disturbing force as from the figure the state variables remain at origin for 

the test where Ω is equal to 35. This means that the sliding variable for this value of Ω will 
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stay at zero, as shown in Figure 4.15.b. Finally, subplot (c) of this figure demonstrates the 

actuation grip force controlled by the FSMC. As shown in this figure, and as already 

discussed, there is a high-frequency chattering behaviour in this actuation force which comes 

from the natural behaviour of the first-order sliding mode control. 

 

 

 

 

(a) 

 
 

 

(b) 

 
 

 

(c) 

 
Figure 4.15: Experimental results for the T-shaped object lifted by the gripper. 

 

4.4.2  Quasi-Sliding Mode Control Design 

As discussed earlier in this chapter, the discontinuous nature of the sign(σ) function in Eq. 

4.20 lead to high-frequency zigzag response, or the so-called chattering phenomenon. 

Although this phenomenon has no influence on the robustness of the controller, it might 

shorten the lifespan of the gripper’s mechanical parts. This discontinuous sign function, 

however, can be replaced by a continuous function in order to reduce the chatter. Equation 

Eq. 4.24 depicts two alternative continuous functions (a sigmoid function and a hyperbolic 

tangent function) that could replace the sign function.   
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𝐹𝑎 = −𝜂𝑋2 − Ω Sigm(𝜎, 𝜀) = −𝜂𝑋2 − Ω 
𝜎

|𝜎| + 𝜀
 

 

𝐹𝑎 = −𝜂𝑋2 − Ω Tanh(𝜎, 𝜀) = −𝜂𝑋2 − Ω Tanh(
𝜎

𝜀
) 

 

(4.24) 

 

Where ε in this equation is a positive small constant. Figure 4.16 shows the sign(σ) Sigm(σ,ε) 

and Tanh(σ,ε) for different values of ε respectively. As may be noted from Eq. 4.24, for these 

two smoother functions we can write: 

 

lim
𝜀→0

Sigm(𝜎, 𝜀) = lim
𝜀→0

Tanh(𝜎, 𝜀) = sign(𝜎) 

 

 

(4.25) 

To select a value for ε there must be a compromise between control accuracy and any 

smoothing effect so that the value selected for ε must be a trade-off between retaining the 

appropriate accuracy and reducing the chatter from the control response. 

 

 

 

(a) 

 
 

 

(b) 

 
 

 

(c) 

 
Figure 4.16: (a) sign(σ) (b) Sigm(σ,ε) and (c)Tanh(σ,ε) for different values of ε. 

Figure 4.17 represents a schematic model of the Quasi-FSM (sigmoid function) control 

architecture explained in this section, whilst Figure 4.18 shows the behaviour of the 
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controlled gripper in the presence of a sinusoidal external disturbance. As can be noted from 

Figure 4.18, unlike the FSMC, the sliding variable σ and the state variables X1 and X2 in 

quasi-SMC do not converge to zero in the presence of the bounded external force Fdu(X1, X2, 

t) = cos(2t); instead, they converge to a bounded interval about zero. In other words, unlike 

the FSM, using Q-FSM will lead the system to reduced accuracy, which is the price the 

controller is paying to eliminate the chatter from the mechanical system (146). Recall that, 

technically, in order to achieve an asymptotic convergence of the state variables to the origin, 

the sliding variable must converge to zero in finite time. 

 

Figure 4.17: Schematic model of the gripper-QSMC system used in this test. 

 

But, as explained above, the sliding variable never converges to zero, but rather to a bounded 

domain about zero instead. This bounded convergence provides a relatively similar 

performance for the Q-FSM, as compared to FSM. Figure 4.18 also depicts the effects of 

increasing the value of ε on the accuracy of the controller. The blue, red and green lines in this 

figure correspond to ε equal to 0.001, 0.01 and 0.1, respectively. As this figure shows, the 

accuracy of the controller with regards to the external disturbance decreased with increasing ε. 

On the other hand, although smaller ε led to higher accuracy with the control response, it also 

reduced the capability of the Q-FSMC in removing the chatter. Figure 4.18.c depicts the 

control force, Fa, for small ε. As you can see from Figure 4.18.c, there is still some chatter 

remaining in the system response due to the very small value of ε.  
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(a) 

 
 

 

(b) 

 
 

 

(c) 

 
 

 

(d) 

 
 

 

(e) 

 
Figure 4.18: Results of the gripper system controlled by a Quasi-FSMC (sigmoid function) 

controller in the presence of a sinusoidal external disturbance. 
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Figure 4.19 depicts the reaction of the Q-FSMC for the test, as explained in Section 4.2. The 

X-axis in Figure 4.19.a, represents the reference for the state values of the fingers before the 

gripper is destabilised by the manipulator. As this figure shows, by choosing a suitable value 

for ε, the Q-FSMC could completely eliminate the chatter while overcoming the 

manipulator’s disturbing force. From the figure it may be noted that the state variables in this 

controller do not converge to the zero but instead remain within a bounded interval in the 

vicinity of zero.  

 

 

 

 

 

Figure 4.19: Results for the gripper system controlled by a Quasi-FSMC (sigmoid function) 

controller for the test, as explained in Section 4.3. 
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4.4.3  Error space-based sliding mode control   

The sliding mode control laws that have been developed so far have been used to 

asymptotically converge the state variables to zero. Despite the robustness of these controllers 

towards overcoming unknown external disturbances, their range of applications is very 

narrow. As in most control problems, it should be found a control algorithm capable of 

driving the state variables along a desired trajectory which is not necessary zero. Recall the 

gripper system explained in Eq. 4.1-4.4. 

 

{
 
 

 
 
𝑋1 = 𝑥𝑓                             

                           
𝑋̇1 = 𝑋2                            

                         
  𝑋̇2 = 𝐹𝑎 + 𝐹𝑑𝑢(𝑋1, 𝑋2, 𝑡)

 

 

 

 

(4.26) 

where the state variables, X1 and X2, denote the fingers’ displacement and velocity along the 

X-axis, respectively; Fa and Fdu are the fingers’ control force and an external unknown 

disturbance force, respectively. This external force is assumed to be bounded as shown in Eq. 

4.5.  Let us assume that the output of the system is the position of the gripper’s fingers, y = X1. 

The SMC explained in the previous sections was able to asymmetrically drive the finger’s 

position and velocity to zero in the presence of a bounded disturbance. Now let us to move 

forward and design a control law that makes the fingers (output of the system) follow a 

desired trajectory in the presence of the external bounded disturbance (that is, unlike the 

previous examples where the controller was pushing the finger to stay at its origin, here the 

fingers should always follow a desired trajectory. In the following sections, it will be shown 

how this control method can be used to control the grip force). In order to develop a control 

law for this task, as previously explained a sliding variable has to be defined. To do so, from 

Eq. 4.12, 4.13 and 4.14 we can write: 

 

𝜎(𝑒,𝑒̇)
𝑡 = 𝑒̇ + 𝜂𝑒,   𝜂 > 0 

 

(4.27) 

where 𝜎(𝑒,𝑒̇)
𝑡  in this equation is the error-based sliding variable and e is the error of the finger 

in following the desired trajectory. For the error we can write: 

 

𝑒𝑡 = 𝑦𝑑 − 𝑦 

 

(4.28) 
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where η is the convergence rate of the error, and is a positive constant. From Eq. 4.27 any 

control law that drives the sliding variable to zero in a finite time will asymptotically drive the 

error to zero. From Eq. 4.26 and 4.27, for the sliding variable we can write: 

 

𝜎̇(𝑒,𝑒̇) = 𝑦̈𝑑 + 𝜂𝑦̇𝑑 − 𝐹𝑑𝑢(𝑦, 𝑦̇, 𝑡) − 𝜂𝑦̇ − 𝐹𝑎 

 

(4.29) 

where for clarity Eq. 4.29 can be written as below: 

 

𝜎̇(𝑒,𝑒̇) = ℱ(𝑦, 𝑦̇, 𝑡) − 𝐹𝑎 

 

(4.30) 

assuming that the disturbance term is bounded as below: 

 

|ℱ(𝑦, 𝑦̇, 𝑡)| ≤ 𝐷̂ 

 

(4.31) 

From the Lyapunov function stability condition about the sliding surface Eq. 4.18, we can 

write: 

 

Λ̇𝜎 ≤ −𝜉√Λ𝜎(𝑡)   

 

(4.32) 

where this condition is equivalent to:  

 

𝜎𝜎̇ ≤ −
𝜉

√2
 |𝜎| 

 

 

(4.33) 

Condition Eq. 4.33 is called the sliding mode existence condition. 

From Eq. 4.30 and 4.31 we can write: 

 

𝜎𝜎̇ = 𝜎(ℱ(𝑦, 𝑦̇, 𝑡) − 𝐹𝑎) ≤ |𝜎|𝐷̂ − 𝜎𝐹𝑎 

 

(4.34) 

Now let us to choose the control law as below: 

 

𝐹𝑎 = −𝛺 𝑠𝑖𝑔𝑛(𝜎) 
 

(4.35) 

By substituting this control law into Eq. 4.34 and from Eq. 4.33, we have: 

 

𝜎𝜎̇ ≤ |𝜎|(𝐷̂ − Ω) = −
𝜉

√2
|𝜎| 

 

(4.36) 

And, finally, we can write: 

 

Ω = 𝐷̂ +
𝜉

√2
 

 

(4.37) 
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Equation Eq. 4.35 and 4.37 is called the error space-based sliding mode control. Figure 4.20 

represents a schematic model of this controller.  

 

 Figure 4.20: Schematic model of the gripper-SMC. 

4.4.4  Impedance control for the VSGs 

In this section will explain a force control method for the proposed variable stiffness grippers 

(VSG1 and VSG2) explained in Chapter 3. A schematic model of the grippers is illustrated in 

Figure 4. 21. For clarity, the mechanical connections for only one finger and the actuation 

system are shown in this figure. Two masses, MF and MR, depict the mass of the finger and 

rotor mass of the DC motor, respectively. The spring and damper, Kv and Bv, in this figure are 

used to model the variable stiffness mechanism. The two dampers, B and BR, are used to 

model the friction between the fingers and palm and the friction between the rotor and stator 

of the DC motor (the friction of the shaft bearings and friction between the commutator and 

brushes), respectively. As shown in the figure, the rotor is driven by the motor magnetic field 

force, Fa, which is the control force. Let us assume that the fingers are subject to a bounded 

disturbance force Fdu. As shown in Figure 4.21, the controlled output, y, is the distance 

between the rotor and the finger. The objective of this test is to control the output, y, to follow 

the desired trajectory in the presence of the external disturbance force. Please note that by 

controlling the length of y the grip force applied can be controlled as 𝐹𝑔𝑟𝑖𝑝 = 𝐾𝑣𝑦 + 𝐵𝑣𝑦̇. 

 

Figure 4.21: Schematic model of the gripper-SMC. 
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(a) 

 
 

 

(b) 

 
 

 

(c) 

 
 

 

(d) 

 
 

 

(e) 

 
 

Figure 4.22: Reference trajectory tracking. 
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Figure 4.22 depicts the results of this test for the control law explained by equations Eq. 4.28 , 

4.35 and 4.37. The control gain and the error convergence rate in this test were Ω = 50 and η 

= 20. Figure 4.22.a depicts the external disturbance force Fdu = 10sin(5t) applied to the fingers 

in this test, whilst Figure 4.22.b shows that the controller has always been robustly 

overcoming this disturbance and successfully controlling the distance between the finger and 

rotor to reach the desired distance, yd. The error-based sliding variable σ(e,ė) for this test is 

shown by Figure 4.22.c and Figure 4.22.d, where the latter is a zoomed and cropped plot of 

Figure 4.22.c. The figure has been zoomed in to show the system chatter. As these two figures 

show, the sliding variable always remains at zero except at the moment when the desired 

distance, yd, changes. At the time that yd changes, the sliding variable jumps above or below 

zero for a very short period before the controller drove it to zero. Finally, and as expected, the 

high frequency chatter of the control force is shown in Figure 4.22.e.  

 

4.5  Super-Twisting Sliding Mode Control (STSMC)   

In Section 4.4.3, an error space-based sliding mode control is designed. From the results of 

this section, as per Figure 4.22 it is demonstrated that the controller was able to satisfactorily 

drive the errors to zero within a finite time. However, as Figure 4.22.e depicts, there is 

nevertheless a high frequency chatter in the control force Fa. As explained in Section 4.4.2, 

this high frequency zigzag shape behaviour makes this controller impractical for use in certain 

systems, such as a gripper with mechanical moving parts. In Section 4.5, it has been explained 

that this chatter can be eliminated from the response by replacing the discontinues sign(σ) 

function with a smoother function such as sigmoid or hyperbolic tangent function. This 

section will explain an alternative approach to the chatter-free sliding mode control, the so-

called super twisting sliding mode control (STSMC). In order to eliminate the chatter, let us 

change the discontinuous (sign(σ)) function used in Eq. 4.35 with a continuous one, as 

below:  

 

𝐹𝑎 = 𝛺̂√|𝜎(𝑒,𝑒̇)
𝑡 |𝑠𝑖𝑔𝑛(𝜎(𝑒,𝑒̇)

𝑡 ) 

 

(4.38) 

 

where 𝛺̂ is a positive constant. In the absence of the disturbance term, from equations Eq. 

4.30 and 4.38 we can write: 
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𝜎̇(𝑒,𝑒̇)
𝑡 =

𝜕𝜎(𝑒,𝑒̇)
𝑡

𝜕𝑡
= −𝐹𝑎 = −Ω̂√|𝜎(𝑒,𝑒̇)

𝑡 |sign(𝜎(𝑒,𝑒̇)
𝑡 ) 

(4.39) 

and from this equation we can write: 

 

𝜎(𝑒,𝑒̇)
𝑡 = ∫ 𝜎̇(𝑒,𝑒̇)

𝑡
𝑡

0

= √|𝜎(𝑒,𝑒̇)
𝑡 | − √|𝜎(𝑒,𝑒̇)

0 | = −
𝛺̂

2
𝑡 

 

(4.40) 

 

Where from this equation the time to reach the sliding variable, Ts, can be calculated as 

below: 

 

𝑇𝑠 =
2

𝛺̂
√|𝜎(𝑒,𝑒̇)

0 | 

 

(4.41) 

 

From Eq. 4.41 we can conclude that in an isolated situation,  ℱ(𝑦, 𝑦̇, 𝑡) = 0, the control law 

Eq. 4.38, can robustly drive the sliding variable σ(𝑒,𝑒̇)
𝑡  to zero in a finite time Ts, and as a result 

the error will converge to zero asymptotically as lim𝑡→∞ 𝑒𝑡, 𝑒̇𝑡 = 0 . However, assuming the 

gripper to be an isolated system is entirely unrealistic as it is supposed to have continual 

interaction with environment. So, from Eq. 4.30, for the grasping task equation Eq. 4.39 

should be rewritten as below:  

 

𝜎̇(𝑒,𝑒̇)
𝑡 = ℱ(𝑦, 𝑦̇, 𝑡) − Ω̂√|𝜎(𝑒,𝑒̇)

𝑡 |sign(𝜎(𝑒,𝑒̇)
𝑡 ) 

 

(4.42) 

 

Clearly in the presence of the disturbance term ℱ(𝑦, 𝑦̇, 𝑡) shown in Eq. 4.42, the control law 

Eq. 4.38 should be modified in such a way as to compensate for this disturbance term. To do 

so, we can rewrite this control law as below: 

F𝑎 = Ω̃√|𝜎(𝑒,𝑒̇)
𝑡 |sign(𝜎(𝑒,𝑒̇)

𝑡 ) + Υ 

 

Υ̇ = 𝑤 sign(𝜎(𝑒,𝑒̇)
𝑡 )                        

 

 

 

(4.43) 

with the following tuning role: 

 

Ω̃ = √𝑈    ;   𝑤 = 1.1𝑈         

 

(4.44) 

where U is a positive constant. From Eq. 4.43 we can write: 
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𝜎̇(𝑒,𝑒̇)
𝑡 + Ω̃√|𝜎(𝑒,𝑒̇)

𝑡 |sign(𝜎(𝑒,𝑒̇)
𝑡 ) + Υ = ℱ(𝑦, 𝑦̇, 𝑡) 

 

Υ̇ = 𝑤 sign(𝜎(𝑒,𝑒̇)
𝑡 )                        

 

 

 

(4.45) 

From Eq. 4.45, it may be noted that in a finite time, Υ will follow the disturbance term. The 

term Υ is called the disturbance follower. Using a disturbance follower will make Eq. 4.45 

become Eq. 4.39. Therefore, it can be concluded that the control laws Eq. 4.43 and 4.44 are 

capable of driving the sliding variable to zero in a finite time in the presence of the 

disturbance term. This control law is called a super-twisting sliding mode control (141, 145). 

The upcoming sections, will explain how this control can be used in the grippers in order to 

achieve a stable grasp. Figure 4.23 depicts the results of VSG2 gripper system explained in 

Chapter 3 as controlled by STSMC with the following gains set: 𝑈 = 95, 𝛺̃ = 9.75, 𝑤 =

104.5. As shown in this figure, in the presence of a bounded disturbance Fdu = 15sin(4t), this 

controller could satisfactorily drive the DC motor to reach the desired distance between the 

rotor and finger in order to control the distance between the rotor and the finger and 

consequently control the grip force.  

 

 

 

(a) 

 
 

 

(b) 
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(c) 

 
 

 

(d) 

 
Figure 4.23: Reference trajectory tracking. 

 

4.6  Robust Interaction Control for Robotic Grasping  

In order to design a stable grasp control, the grasp model is required. This model must include 

the dynamical parameters of the gripper/hand, as well as the mechanical properties of the 

object and external environmental forces. Unfortunately, in reality, and in an optimistic 

scenario, only the gripper can be modelled; there is no solution to obtain the mechanical 

properties of the object before establishing a mechanical interaction with it. The external 

disturbance forces are also stochastic the majority of the time. In the previous sections of this 

chapter, the concept of the sliding mode control has been explained. The large number of 

examples provided in this chapter illustrated the robustness of this type of control in the 

presence of uncertainties and disturbances. Two novel grasp control designs are presented in 

this section. The controllers are based on the first-order and super-twisting sliding mode 

controls discussed above. 

One of the main challenges of robotic grasping is to prevent slippage while manipulating 

objects. Slippage can cause the grasped object to fall and break; this is clearly undesirable, 

especially if the object being handled is expensive or contains a hazardous substance. A 

human can rather easily cope with slippage, and will counteract such by either regulating the 

mechanical impedance of their muscles or by changing the applied grip force on the object.  
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Various studies of the human hand’s grasp perturbation (150) have shown that starting form a 

stable grasp, the shear force on the fingertips starts to increase until it reaches the upper bound 

of the static friction limit, at which point the object starts sliding. Since dynamic friction is 

generally lower than static friction, the minimum grip force required to keep the object in 

place suddenly increases. Therefore, to prevent slippage, the grip force is increased until the 

object stops sliding. Afterwards, the fingertips’ normal force gently goes back towards the 

original safety zone, which is the range in which the normal force incurs no deformation on 

the held object.  

As stated by Yoshida et al. (151), human mechanoreceptors’ sensitivity is not limited to the 

magnitude of the applied shear forces but is also sensitive to the forces’ rates of change, in a 

similar manner to the Proportional-Derivative (PD) feedback used in control theory. 

Countering slippage, and with a latency of 60-100 ms, a human’s central nervous system 

receives sensory information, and then compensates for perturbations by updating the grip 

force, as shown in (152-154). Flanagan et al. (155) have shown that the dynamics of object 

grasping are learned by the central nervous system to prevent object slippage, thus building an 

internal model of that action. 

A transient spike of neural activity while performing actions dealing with shear forces has 

been shown from averaged neural cuff readings on the median nerve (156). Birznieks et al. 

(157) demonstrated that the magnitude of this transient signal is relative to the changes in 

shear force, which in turn is relative to the texture change on a grasped object’s contact 

surfaces; in-depth discussions of human grasping can be found in (150-159). 

The adaptive grasp problem in robotic hands requires a grasp control scheme to exert optimal 

grip force in order to retain a static grasp with the held object. As influenced by the dexterity 

as well as adaptability of the human hand, there has been increased research in the field of 

adaptive grasp, in-hand manipulation and re-grasping which in chapter two some of the most 

recent work in this area was reviewed.  

The main objective of the work presented in the following sections is the evaluation of robotic 

grasping performance using an HSMC with feedback on gripping force and slippage. More 

specifically, a Hybrid Super Twisting Sliding Mode Control (STSMC) is compared with a 

Hybrid First-Order Sliding Mode Control (HSMC). Force and slip feedback are provided by 

low-cost off-the-shelf components. The gripper used is characterised by two fingers: the force 

sensor is mounted on one finger and the slip sensor on the other. The rest of this chapter is 

organized as follows: Section 4.6.1 provides a brief explanation of the gripper design and 
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grasp platform used in this chapter. In Section 4.6.2 and 4.6.3, a simplified dynamic model of 

the gripper, force closure and grasped object and a mathematical model of the grasp are 

derived, respectively. Section 4.6.4 describes the two novel controllers (HSMC and 

HSTSMC) which were designed with the aim of preventing slippage. The performance of the 

two controllers were compared through an experiment which is presented in section 4.6.5 with 

related results. Finally, section 4.7 concludes the chapter. 

4.6.1   Gripper Test Platform 

Figure 4.24 shows one of the grippers designed and developed as part of this research as 

mounted on an ABB IRB 1200 with a 7 kg payload. The gripper consists of two fingers 

connected to the shaft of a servo motor by a thread with negligible stretch. The feedback is 

provided by a force and a slip sensor. The former is obtained from a 1D Force Sensing 

Resistor (FSR) mounted on the right fingertip, whereas the slip sensor is consists of a 

membrane potentiometer mounted on the left fingertip. The costs of the two sensors are, 

respectively, £9 and £6. The main technical specifications of the two sensors are reported in 

Table 4.1 and Table 4.2.  

  

Figure 4.24: The two-finger gripper mounted on the ABB robot. 

The sensors (shown in Figure 4.25) provide an analogue output as a variable resistance. There 

is a voltage divider circuit to transform the value of the resistance to a voltage value, which is 

readable by the control system. Both force and slip feedback are sent using serial 

communication to a Core i7, 16 Gb windows machine. 

Resistance, standard 10 kΩ 

Resistance tolerance ±4% 

Resolution Theoretical-infinite, dependent on contact 

wiper, thickness and construction 
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Sensor cover 
 

Ethylene-vinyl acetate adhesive foam (0.45 

mm thickness) 

 Table 4.1: Specification of the slip sensor used in the gripper. 

 

Force sensitivity range < 20 g to > 10 kg 

Pressure sensitivity range < 1.5 psi to > 150 psi 

Force resolution 5 g 

Sensitivity to noise/vibration Not significantly affected 

Table 4. 2: Specification of the force sensor used in the gripper. 

 

The connection between the PC and servomotors is realised through a USB to TTL adapter. 

The overall rate of the control loop is about 1.5 ms. 

  

(a) (b) 

Figure 4.25:  (a) Flexible absolute potentiometer (b) Force Sensing Resistor used for the tests. 

The gripper prototype used a DC servomotor (whose mechanical and electrical details can be 

found in Table 3.1) as the actuation system, but any other less expensive servo motor with 

similar characteristics can be used without affecting system performance. To emulate objects 

of different mechanical stiffness, a variable stiffness object (VSO) was designed, wherein 

springs with different stiffness can be exchanged. As shown in Figure 4.26, the VSO consists 

of a spring in the centre which can be replaced to alter the stiffness of the object. The VSO 

also consists of a linear potentiometer to measure the deformation of the VSO. This data is 

then measured using an Arduino Mega, and sent via serial communication to the windows 

machine using a baud rate of 9600 bps. There are two compression springs with stiffness 

coefficients K1 = 0.6 N/mm and K2 = 1.25 N/mm. To apply a disturbance, a slide rod is 

connected to the base of the VSO which measures 30 cm. Three weights of 100, 200 and 300 

grams are used that, as shown in Figure 4.27, are dropped from a distance of 20 cm onto the 

base of the slide rod to simulate different disturbance intensities. 
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Figure 4.26: VSO, Variable 

Stiffness Object used in this 

chapter (left). 

 

 

 

 

 

Figure 4.27:  Dropping 

weights on the base of the 

slide to simulate disturbance 

(right). 
   

4.6.2   Gripper Model 

Eq. 4.46 depicts a second-order system that models the gripper and its DC motor.  

 

𝐼𝜃̈𝑓 + 𝐵𝜃̇𝑓 + 𝐾𝜃𝑓 + 𝐹𝑑𝑢 = 𝑘𝑇 (
𝑉𝑠 − 𝑉𝐶𝐸𝑀𝐹
𝑅𝑎𝑟𝑚𝑎𝑡𝑢𝑒

) = 𝑘𝑇𝐼𝑚 = 𝑇𝑚 

 

(4.46) 

where I is the equivalent moment of inertia for the fingers and the motor armature. The 

damping term B is used in order to model the frictional losses in the fingers’ joint, rotor-stator 

ball bearings, and the friction between the tendon and pulley. K represents the system’s 

stiffness and Fdu is the disturbance-uncertainty term which includes the environmental 

disturbance force acting upon the fingers as well as un-modelled parameters of the system. kT, 

Vs, VCEMF and Rarmature are the DC motor’s torque constant, operating voltage, counter-

electromotive force (CEMF) and terminal resistance (ohms), respectively. Im and Tm are the 

DC motor’s operating current (the current through the motor’s windings) and the motor’s 

output torque, respectively. The counter-electromotive of the DC motor can be written: 

 

𝑉𝐶𝐸𝑀𝐹 = 𝐾𝑒𝜃̇𝑓 

 

(4.47) 

where Ke is counter-electromotive force constant of the motor. Using equation Eq. 4.47, Eq. 

4.46 can be written as per below: 

 

𝐼𝜃̈𝑓 + 𝐵̃𝜃̇𝑓 + 𝐾𝜃𝑓 + 𝐹𝑑𝑢 = 𝑘𝑇𝑅𝑉𝑠 

 

(4.48) 

where  
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𝐵̃ = 𝐵 + 𝑘𝑇
𝑉𝐶𝐸𝑀𝐹
𝑅𝑎𝑟𝑚𝑎𝑡𝑢𝑒

 

 

𝑘𝑇𝑅 = 𝑘𝑇 𝑅𝑎𝑟𝑚𝑎𝑡𝑢𝑒⁄  
 

 

(4.49) 

From Eq. 4.49, the state space model of the system can be written as per below: 

𝑋1 = 𝜃𝑓 

𝑋̇1 = 𝑋2 = 𝜃̇𝑓 

𝑋̇2 = 𝑘̃𝑇𝑅𝑉𝑠 − 𝐴𝐼,𝐵̃,𝐾,𝐷(𝑋1, 𝑋2) 

 

 

(4.50) 

where X1 and X2 are the state variables which, as shown in this equation, are equal to the 

fingers’ rotational angle and velocity (𝜃𝑓 , 𝜃̇𝑓  ), respectively. 𝐴𝐼,𝐵̃,𝐾,𝐷 in this equation is a 

function of state variables and contains the I, 𝐵̃, K and Fdu terms, whereas 𝑘̃𝑇𝑅 is the quotient 

of I and K. It is worth noting that an accurate model of the grasp is hard to determine for 

several reasons. For instance, let us assume the grasp task in Figure 4.28. As shown in this 

figure, the gripper should grasp an object with the stiffness and damping of KOBJ and BOBJ. 

Before the fingers touch the object, the stiffness of the system (K in Eq. 4.48) has no effect on 

the grasp model and hence it is negligible. However, as soon as the fingers start touching the 

object, the stiffness of the system and the stiffness of the object should be considered in the 

grasp model. Unfortunately, there is no way to calculate the stiffness of the unknown objects 

to be grasped. This makes the grasp model inaccurate.  

 

 

Figure 4.28. Uncertainty about the mechanical properties of the  

object to be grasped makes the grasp model inaccurate. 



122 
 

4.6.3   Grasp Model 

In the previous section the gripper and its actuator were modelled. As explained above and in 

the previous sections, this model cannot be considered an accurate grasp model as it doesn’t 

model the mechanical parameters of the grasped object. A simplified dynamic model of the 

gripper and grasped object will therefore be developed and presented in this section. Figure 

4.29 shows a schematic model of the gripper with a grasped object. To model the grasping 

task, there are used two coordinate frames, a reference coordinate frame OXYZ at the palm of 

the gripper, and an object coordinate frame OoXoYoZo which is parallel to the reference 

coordinate frame, in such a way that Oo is fixed to the geometric centre of the object as 

depicted in Figure 4.29. The figure also shows the contact coordinate frames OcXcYcZc where 

Oc is connected to the contact point and is moving with the contact point c; the Xc axis shows 

the direction of the grip force Fn. One of the contact coordinate frames is shown in the figure. 

Figure 4.30 shows an approximated model of the grasped object through a parallel spring-

damper characterized by the stiffness constant Kobj, the damping coefficient Bobj and mass m. 

From Figure 4.29 and 4.30, a second-order equation can be derived as below: 

 

 

 

 

Figure 4. 29.  Schematic model of the 

gripper with the held object and the 

coordinate frames used. 

Figure 4.30.  Schematic model of the object 

and fingers. 

 

 

𝑦̈ = 𝑔 − 𝛤(𝜓𝑐, 𝑚, 𝜇)𝐹𝑛 + 𝐷(𝑑𝑡, 𝑚) 
 

(4.51) 

where y indicates the displacement caused by the slippage of the object with respect to the 

reference frame in the direction of the Y-axis, ӱ is its acceleration, m the weight of the object, 
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g the acceleration due to gravity and ψc is the yaw angle of OcXcYcZc around Z. Fn and µ are 

the normal force (grip force) along Xc and the coefficient of kinetic friction, respectively. Γ is 

a function of ψc, m and µ. The variable dt represents the time-based disturbance acting upon 

the object in the form of an externally applied load. D is the disturbance term which is a 

function of dt and m. Note that Eq. 4.51 is a simplified treatment of force closure and point 

contact with friction. Using 𝑋̃1 and 𝑋̃2 as the state values we can write: 

 

𝑋̃1 = 𝑦 
 

𝑋̃̇1 = 𝑋̃2 
 

𝑋̃̇2 = 𝑢 
 

𝑢 = g − 𝛤(𝜓𝑐, 𝑚, 𝜇)𝐹𝑛 + 𝐷(𝑑𝑡,𝑚) 
 

 

 

 

(4.52) 

where u is the input to the system and is characterised by a controllable value Fn (the gripping 

force), a constant value g and a disturbance D. Let us assume that ψc does not change for 

small, linear slippages along Y. In this case, 𝛤(𝜓𝑐 , 𝑚, 𝜇) can be considered a constant and 

represents a model uncertainity if no previous knowledge of the grasped object is available. 

The disturbance term D can associated with a wide range of causes as might arise from the 

surrounding environment, and as such must also be dealt with as an uncertainty. Fn can be 

controlled through gripper motors. The kinematic model of the fingers can be written as 

follows: 

 

𝑉𝑐 = Ω(𝜔𝑓),             𝜔𝑓 = 𝜃̇𝑓   
 

𝜃̇𝑓 = 𝑓(𝜔𝑚),              𝜔𝑚  = 𝜃̇𝑚 

 

 

 

(4.53) 

where Vc is the velocity of the contact point along the Xc axis and 𝜔𝑓 the angular velocity of 

the fingers around their joints J1 and J2, which, in turn, is a function of the rotational velocity 

of the motor 𝜔𝑚, as shown in Eq. 4.53. For simplicity, it is assumed that the object has 

isotropic and homogeneous density, stiffness and damping properties. It is also assumed that 

the deformation of the object, when grasped, is within the elastic range of the material to not 

cause any damage. Under these assumptions Kobj is constant, and from Figure 4.30 the 

relationship between the grip force and the velocity of the contact point is given by: 
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𝐹𝑛 = 𝐾𝑜𝑏𝑗∫𝑉𝑐𝑑𝑡 + B𝑜𝑏𝑗𝑉𝑐 
(4.54) 

 

4.6.4   Control Design  

This section starts by presenting an implementation of a hybrid first-order sliding mode 

cascade controller, with the aim of prevent slippage whilst simultaneously minimising any 

deformation of the grasped object. The results presented in (157, 158) show that friction plays 

a significant role in determining the grip force. Thus, having a rough estimation of the 

object’s surface’s friction coefficient, along with the object’s weight and stiffness, can 

significantly reduce the chances of slippage and deformation while grasping an object. 

Consequently, the grip force must be modified according to the frictional properties of the 

object and/or its mechanical characteristics. In order to achieve the desired force, that stops 

the object from slipping while incurring minimum deformation, a hybrid first-order sliding 

mode controller (HFSMC) was designed as shown in Figure 4.31. 

 
Figure 4.31.  Block diagram of HFSMC. 

 

The motor speed is driven by a desired value of the motor shaft speed ωmd which can be 

calculated by the control law explained below. The control of the servo motor used in the 

gripper accepts rpm values as control input.  

To overcome slippage from an initial stable grasp with minimal deformation of the object, an 

error function is defined as: 

 

𝑒(𝐹, 𝑆𝑙) = 𝜅(𝐹𝑛 − 𝐹𝑑) − 𝑆𝑙 
 

(4.55) 

where e depends on applied force and slippage, and κ is a constant related to the stiffness of 

the grasped object. With respect to the reference frame, Fn is the actual (measured) grip force 

of the fingers, Fd the desired force of the fingers in order to stop any slippage, and Sl the 

slippage or displacement of the object, which is acquired through the slip sensor (the flexible 

absolute potentiometer shown in Figure 4.25.a). It is worth noting that from Eq. 4.55 the role 
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of the controller is to minimize the applied force and consequently minimize object 

deformation following a slippage event. If the value of Fd is known, by knowing the object’s 

frictional constant, µ, and the object’s weight, m, the controller will achieve a stable grasp 

while lifting the object. If Fd is not known, it should be set to a small positive initial value. In 

the instance where the gripper has to handle different objects, the value of Fd should 

correspond to the lightest object to be handled. In this scenario, the gripper will adjust Fn 

while lifting the heavier objects, preventing lighter objects from being crushed. From Eq. 4.12 

we remember that:   

 

𝜎(𝑒,𝑒̇)
𝑡 = [

𝑑

𝑑𝑡
+ 𝜂]

𝜆

𝑒 

 

(4.56) 

 

𝜎(𝑒,𝑒̇)
𝑡 = 𝑒̇ + 𝜂𝑒,   𝜂 > 0 (4.57) 

where, as explained in previous sections, an arbitrary positive constant η guarantees the 

exponential decay of the error. Clearly, the next step is finding a control action that drives the 

sliding variable to the sliding surface in finite time, which means that the error states will 

converge to zero asymptotically. Eq. 4.58 shows the quasi-first-order control law with the 

sigmoid function used in the designed controller, where Ω as explained is a sufficiently large 

positive constant, and ε = 0.001. 

 

ω𝑚𝑑 = −ΩSigm(𝜎, 𝜀) = −Ω
σ

|σ| + ε
  ε > 0   ε ≈ 0 

 

(4.58) 

 

Choosing a sufficiently large value for the controller variable, Ω, guarantees robustness of the 

controller. The resulting control diagram is shown in Figure 4.31. As discussed earlier, 

despite the robustness of this controller’s design, there is an inherent disadvantage to first-

order slide mode controllers. The outputs of the FSMCs have the tendency to oscillate, 

resulting in the chattering phenomenon (please see Figure 4.10 and 4.11). Although, as 

explained, chattering doesn’t affect the outcome of the controller, it increases power 

consumption in the motor and by doing so reduces its lifetime. Alternatively, and as depicted 

in Figure 4.32, in order to solve the above-mentioned inconvenience of FSMCs, a hybrid 

super twisting second-order sliding mode controller (HSTSMC) was designed, which can 

completely eliminate this drawback without compromising the effectiveness of the controller. 

According to Eq. 4.43 and 4.44, in designing the control model we have: 
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ω𝑚𝑑 = Ω̃√|𝜎(𝑒,𝑒̇)
𝑡 |sign(𝜎(𝑒,𝑒̇)

𝑡 ) + Υ 

 

Υ̇ = 𝑤 sign(𝜎(𝑒,𝑒̇)
𝑡 ) 

 

Ω̃ = √𝑈    ;   𝑤 = 1.1𝑈 
 

 

 

 

(4.59) 

 

where U is a sufficiently large constant that has been tuned by trial and error. 

 

 Figure 4.32: Block diagram of HSTSMC. 

As explained before, thanks to the continuous algebraic function, the discontinuous oscillating 

output is eliminated. To quantify the performance of both control designs (HSMC and 

HSTSMC) more accurately, It has been carried out a four-stage experiment aimed at 

measuring force and slippage for the two values of stiffness, K1 and K2, as defined in pervious 

section. The next section describes the experiment and discusses the related results. 

 

4.6.5   Experimental Results and Discussion 

Both controllers have been tested with the purpose of evaluating their performance in terms of 

preventing grasped objects from slipping. A four-stage experiment on both controllers was 

performed. The stages of the experiment were undertaken in the following order: first, at stage 

1, the gripper grasped the VSO and the VSO was lifted by the gripper. In the remaining three 

stages, to test the controller robustness, three disturbances were applied by dropping three 

different weights on to the bottom of the rod hanging from the VSO. Figure 4.33 depicts these 

stages. The weights were dropped successively to resemble three external disturbances. Figure 

4.34 shows the results of slippage, applied force and the sliding variable σ from three 

experiment trials on the FSMC, using the VSO with spring stiffness K1. The four stages of the 

experiment are shown in the slippage plot. As depicted in Figure 4.34.a, at stage 1, when the 

gripper starts lifting the VSO, the force applied by the gripper on the object starts rising due to 
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the slippage S1. After the slippage is cancelled out by the gripper’s force, it proceed to stage 2 

by applying the first weight, which causes slippage S2. 

 

 

Figure 4.33:  Four-stage experiment used to evaluate the performance of the designed 
controllers. 

 

 

 

 

 Figure 4.34:  Experimental results of the FSMS for the VSO with stiffness K1. 
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 The controller reacts by increasing the applied force, counteracting the increased weight. The 

same procedure is repeated in phases 3 and 4 (with slippages S3 and S4, respectively) by 

adding further weights. The reaction of the controller is similar to that observed in stage 2: the 

applied grasping force increases after applying the disturbances. From Figure 4.34 it is also 

possible to see how the value of σ continues fluctuating around zero after a short transient. 

The isolated, larger peaks in the ripple occur at the times when the weights (external 

disturbances) are applied, confirming the robustness of the designed FSMC in the presence of 

unexpected disturbances. In all cases (FSMC and STSMC with different stiffness) the 

experiment was repeated three times (blue, green and magenta lines in the diagrams) to test 

the repeatability and consistency of the results. Figure 4.35 shows the same variables as 

Figure 4.34 (slippage, gripping force and σ) using the VSO with spring stiffness K2. The 

increased amplitude of the ripple on Fn and σ as a result of the greater value of K2 is quite 

evident in this case. The average amplitude of the ripple ranges from about 0.25 N for Fn and 

0.15 for σ in the first case to about 0.5 N and 0.45, respectively, in the second case. Figures 

4.36 and 4.37 show the experimental results using the STSMC for K1 and K2 respectively.  

 

 

 
 Figure 4.35:  Experimental results for the HSMS with a VSO of stiffness K2. 
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Figure 4.36: Experimental results for the HSTSMC with a VSO of stiffness K1. 

 

 

 

 
 Figure 4.37:  Experimental results for the HSTSMC with a VSO of stiffness K2. 
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The behaviour in terms of response times and compensation for disturbance is similar to the 

first controller. However, the ripple in the sliding variable σ around zero is much lower than 

with the FSMC and, as the diagrams show, independent of the stiffness of the grasped object. 

As a consequence, the chattering of the angular velocity of the motor ωm is also reduced. 

Figure 4.38 shows ωm for both controllers in one of the experimental trials (yellow line for 

HSMC, purple line for HSTSMC). As discussed in Section 4.4, the chattering phenomenon is 

one of the major disadvantages of SMC. This figure illustrates how the proposed HSTSMC 

can satisfactorily eliminate the chatter from the controlled response. 

 

 

Figure 4.38: Angular velocity of the motor ωm. The yellow line is the related velocity for 

HSMC whilst the purple line is the velocity for HSTSMC. 

 

Finally, Figure 4.39 shows a practical test in which the robot, equipped with the gripper and 

controlled by the STSMC, grasped and lifted objects of different materials (tomato, green 

paper, bread, orange, coffee canister, tissue) and placed them in a target box. Because of the 

different weights and friction coefficients of the objects in this demo, there has been set a 

small initial value of Fd, so that softer and lighter objects were not squeezed during grasping. 

For heavier objects, the grip force was enhanced through the control action caused by the 

initial slippage. This is shown in Figure 4.40 in the case of an apple and an egg. In this figure, 

the blue, red and green lines show slippage, applied grip force and σ, respectively. The dashed 

lines correspond to the apple, while the solid lines correspond to the egg. 

As shown in the figure, the grip force applied to the apple is, relatively, larger than the one 

applied to the egg, which comes from the fact that the apple is heavier and incurs more 

slippage. As far as σ is concerned, as expected, the values converge to zero just after lifting 

the objects. It is worth noting that the VSO and grasped objects were never crushed or 

dropped in any of the experiments. 
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Figure 4.39:  Using the gripper and HSTSMC design, the robot was able to grasp and lift 

objects of different mechanical properties. 

 

 

Figure 4.40:  The gripper increases the applied force on the egg and apple to stop them from 

slipping after lifting. Dashed lines refer to the apple. 

Thanks to the robustness of the controllers in preventing slippage they can be integrated with 

some higher-level control methods, such as the in-hand manipulation controllers presented in 

(160) in order to achieve more complex manipulation tasks than relatively straightforward 

pick and place. Indeed, including the proposed slip prevention controllers within in-hand/re-

grasping algorithms allows them to outperform these algorithms by themselves, as the 
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controllers can stop the slippage of the object while the object is still moving between the 

fingers. Although such tasks (in-hand manipulation and re-grasping) are outside the scope of 

this work, to evaluate the possibility of this idea, a four finger,  

 
Figure 4.41: A four finger, 8 DOF hand designed and developed as part of this research in 

order to evaluate the possibility of integrating the slip prevention control designs with high-

level, in-hand manipulation algorithms. 

 

8 DOF direct drive robotic hand has been designed and fabricated, as shown in Figure 4.41. 

Similar to the tendon-driven gripper presented in the previous sections, in this hand, the 

applied grip force and slippage is measured using an FSR and membrane potentiometer both 

integrated into each finger.   

Figures 4.41 and 4.42 depict two of the experiments performed by this hand (amongst many). 

As shown Figure 4.41, the gripper first grasps and lifts an empty beer can. Afterward, the can 

has been filled with water. Should the robot detects slippage at any time due to due to weight 

of the water, it starts to increase the grip force until the can stops slipping. Clearly, as 

explained before, the grip force required to stop the can from slipping is always kept to 

minimum using the proposed controller. Some primary experiments accomplished by this 

hand are currently showing great potential for the use of such a hand for the in-hand 

manipulation tasks that is considered as part of the future work.  
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Finally, Figure 4.42 depicts one of the experiments accomplished using this hand. As this 

figure shows, the robot grasps and lifts an egg and starts to move along a pre-programmed 

trajectory in an accelerating and decelerating manner. Using the proposed super twisting 

control, the egg never fell, or was crushed or smashed. 
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Figure 4.42: The robot grasps and lifts different objects (an egg in this figure) and starts to 

move along a pre-programmed trajectory in an accelerating and decelerating manner in order 

to test the robustness of the designed HSTSMC. 
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4.7   Discussion  

In order to design a stable grasp control, there is an inevitably need for grasp model. This 

model must include the dynamical parameters of the gripper/hand, as well as the mechanical 

properties of the object and external environmental forces. Unfortunately, in reality, and in an 

optimistic scenario, only the gripper can be modelled; there is no solution by which to obtain 

the mechanical properties of the object before establishing a mechanical interaction with it. 

The external disturbance forces are also stochastic the majority of the time. In this chapter, the 

concept of the sliding mode control was explained. The large number of examples provided in 

this chapter illustrated the robustness of this type of control in the presence of uncertainties 

and disturbances 

The main problem of grasping is that of the estimation of the exact gripping force to needs to 

be applied to prevent slippage without damaging or deforming the object. This chapter 

presented a new prototype of a two-finger gripper fitted with low-cost and yet reliable and 

durable force and slip sensors. To overcome external disturbances and gripper model 

uncertainties, two novel controllers, Hybrid SMC and STSMC, have been tested in this 

chapter. It is well known that the main drawback of an SMC is the chattering phenomenon. 

Furthermore, in the presented tests, it was found that the performance of the HSMC is also 

worsened by the fact that the amplitude of the chattering depends on the object’s mechanical 

properties, more specifically its stiffness; the greater is the stiffness, the higher the chattering 

amplitude. The HSTSMC, while providing the same robustness to the model and external 

load uncertainties as the FOSMC, eliminates chattering and shows a consistent performance 

for any grasped object. For the sake of testing the gripper in more realistic situations, it was 

fitted it to an industrial robot and used to grasp a range of products of varying size and mass. 

The controller had no prior knowledge of the objects to be grasped. The tests performed 

demonstrated that the gripper has the ability to successfully grasp a wide range of objects, 

irrespective of shape, weight and stiffness. The gripper was able to achieve a stable grasp on 

each of the objects and complete the pick-and-place task without damaging them. A thorough 

statistical analysis of the gripping behaviour will be carried out in the future work to provide a 

more accurate evaluation of the reliability and performance of the grasping with different 

objects in presence of variable disturbances (i.e., velocity and acceleration of the robot arm). 

 

 



136 
 

Chapter 5 

HIGH-PERFORMING ADAPTIVE GRASP CONTROL 

 

5.1   Introduction 

In the previous chapter, it has been shown how a sliding mode control can robustly overcome 

uncertainty/disturbance problems, which are intrinsic to the nature of robotic grasping tasks. 

Based on the information provided therein, this chapter will propose two novel adaptive grasp 

control methods for the purpose of controlling parallel jaw grippers with different payloads, 

which were designed and developed as part of this research.   

In various industrial applications, there is a growing need for the use of robots for pick-and-

place tasks in which different objects with completely different shapes, weights and 

stiffnesses must be handled with high accuracy during the execution of a given task. This is 

relevant in the food industry, for instance, as well as in nuclear decommissioning. Particularly 

in the case of the latter, where teleoperation is involved, these tasks can be more effectively 

accomplished (reducing time and cost) if no previous knowledge of the object to be grasped is 

assumed and a robust control, which is able to compensate for any uncertainties regarding the 

object model and unknown external disturbances, is implemented for the gripper. This is 

because there is either no real accurate information on the objects to be handled, or pre-

programming the gripper for the range of different grasps required for a large number of 

known objects is impracticable and overly time-consuming.  

This chapter addresses these challenges by evaluating the performance of a 8kg and a 45kg 

payload parallel jaw grippers (designed and developed as part of this research) which use the 

proposed novel Adaptive Super Twisting Sliding Mode Control (ASTSMC) and an Adaptive 

First-Order Sliding Mode Controller (ASMC) that are designed to prevent slippage whilst 

minimising any deformation of the grasped object. Similar to the tendon-driven gripper 

discussed in the previous chapter, both the controllers use force and slip feedback to 

counteract any slippage; slip detection is provided by off-the-shelf components. The 

performance of the designed ASTSMC is evaluated against the ASMC. Similar to the tendon-

driven gripper, the two grippers in this chapter utilise the concept of the sliding mode control 

in their control system. However, the main difference between the controllers introduced in 

this chapter than to those in Chapter 4 is that the former control the grip force directly in order 
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to achieve a robust grasp, whereas the latter regulated the  rotational velocity of the 

servomotors to control the grasping task. One of the main drawbacks of available force/torque 

sensors is that their resolution varies by changing the sensors’ capacity. To eliminate the need 

for the use of a force sensor, unlike in the previous chapter, here a current-based estimation 

force feedback is used. This helps us to grasp a heavier payload.  

The experimental results presented in this chapter show that when grasping unknown objects, 

the controllers are sufficiently robust to overcome external nonlinear disturbances and 

inaccuracies in the system model, preventing slippage and minimising any deformation of the 

objects. Furthermore, the ASMC and ASTSMC, as expected, eliminate the major drawback of 

the SMC (which is called the Chattering Phenomenon (CHPH)), whilst preserving the 

robustness of the control.  

This chapter is organised as follows: Section 5.2 provides a brief explanation of the two 

grippers designed and fabricated as part of this work. In Section 5.3, the dynamical model of 

the grasp is modelled mathematically. Section 5.4 describes the architecture of the controllers 

and explains the control laws in detail. The performance of the controllers is evaluated 

through several experiments which are presented in Section 5.5 with their associated results. 

Finally, the conclusions and discussion can be found in Section 5.6. 

 

5.2   Gripper Design Explanation 

As you might recall from chapter four, there was an underactuated tendon-driven gripper as 

the test platform by which to assess the grasp control designs. Despite its simplicity, one of 

the main drawbacks of tendon-driven grippers is that the maximum payload they can lift is 

relatively restricted. In order to solve this problem, two direct-drive fully actuated grippers 

have been designed whose design description is given in the following sections.  

 

5.2.1   The 8 kg payload gripper 

Figure 5.1 shows the direct drive, fully actuated 8 kg payload parallel jaw gripper as mounted 

on a KUKA KR10 10 kg payload arm. The gripper in both the open and closed states is also 

shown in Figure 5.2. The gripper consists of two fingers connected to the shafts of two servo 

motors through joints J1 and J2, as shown in Figure 5.3; a grasped object is also shown in this 

figure. 
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Figure 5.1: The 8 kg payload gripper mounted on the KUKA KR10 robot. 

To model the grasping task, there are two coordinate frames used, as shown in this figure; a 

reference coordinate frame, OXYZ, at the palm of the gripper, and an object coordinate 

frame, OoXoYoZo, which is parallel to the reference coordinate frame such that Oo is at the 

geometric centre of the object. According to the chosen reference frames, the gripping force, 

Fn, will always act along the X-axis of the reference coordinate frame. For clarity, only one 

gripping force is shown in this figure. As mentioned above, the gripper consisted of two servo 

motors. Each motor drives one finger of the gripper in an independent manner (i.e., there is no 

mechanical linkage between the two fingers). 

 
Figure 5.2:  The 8 kg payload gripper in its open and closed states.  
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Figure 5. 3: Schematic model of the gripper illustrating a held object and the coordinate 

frames used. 

 Figure 5.3, the gripping force applied to the grasped object is linked to the motor torque by a 

nonlinear relationship as below: 

 

 

𝐹𝑛(𝑡) = 𝑇(𝑡) ∙ 𝑟 ∙ 𝑐𝑜𝑠(𝛾(𝑡)) 
 

 

(5.1) 

 

where γ, as shown in Figure 5.3, is the angle between the gripping link and the link connected 

to the motor, and T(t) is the torque of the motor. For simplicity, friction is neglected in this 

equation. As highlighted in Eq. 5.1, Fn is a function of both T and γ. 

As will be explained in the following sections, the controller’s architecture relies on two 

feedback signals: force and slippage. The former is provided by the torque reading available 

as the output of the servomotors. The servo motors used in the 8 kg payload gripper provide a 

maximum torque of 7.3 Nm in stall conditions when supplied with a voltage of 14.8 V. The 

connection between the PC and servomotors is realised through a USB-TTL adapter. The 

motors’ baud rate was set to 57,600 bps. For the slip sensor, two ADNS-9800 optical flow 

sensors have been used, assembled on each gripper finger. The most important features of the 

servo motors and slip sensors are reported in Table 5.1 and Table 5.2, respectively. The 

sensors were directly connected to the USB port (5 V power supply) of a PC Intel Core i7, 16 

Gb RAM, Windows 10 OS. 
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DC Motor Maxon 
Gear Reduction Ratio 200 : 1 

Max. stall torque 7.3 Nm (at 14.8 V, 5.2 A) 
Control algorithm PID 

Resolution (rotation) 0.088º 

No load speed 63 RPM at 12 V 
Network TTL/RS-232 

Output torque values 0~1023 
Resolution 0.088° 

weight 135g 

Dimension 40mm61mm41mm 

Table 5.1:  Specification of the servo motors 

Dual power selection 3 V or 5 V 
Frame rate Up to 3000 fps 
Resolution Up to 400 cpi 

Object detection distance 1 ÷ 5 mm 
Motion detection Up to 150 ips and acceleration up to 30 g 

Table 5.2: Specifications of the slip (optical flow) sensor. 

Specification Value 

Dimension (mm) 5454126 

Weight 855 g 

Nominal Voltage 24 V 

No Load Speed 33.1 RPM 

No Load Current 1.08 A 

Continuous 

Operation 

Speed 29.0 RPM 

Torque 44.7 Nm 

Current 9.505 A 

Resolution Angle (Step/turn) 502,000 

Gear Ratio 502:1 

Backlash 3.5 arcmin 

Network Interface RS-485 

Operating Temperature 5~55° C 

Output 200 W 

Table 5.3: Specification of the servo motors used in the 45kg payload gripper. 

Specification Value 

Model SRF05 

Input voltage 5 V 

Current  30 ~ 50 mA 

Digital output 0 V low, 5 V High 

Working temperature  -15°C to 70° C 

Sensing angle 30° Cone 

Ultrasonic frequency 40 kHz 

Sensing range 2cm to 400 cm  

Dimensions 432017 mm 

Table 5.4: Specification of the ultrasonic distance sensor used to measure the slippage of the 

object in the 45 kg payload gripper. 
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5.2.1.1   Optical flow-based slip sensor 

As explained above, for the purposes of the slip measurement in the 8 kg payload gripper, the 

gripper utilises two optical flow sensors (Figure 5.4) mounted in the fingers. The main 

technical specifications of the slip sensors are reported in Table 5.2. An optical flow sensor is 

a device that provides feedback regarding the displacement using an embedded low-resolution 

high-speed video camera. The embedded camera is used to take low quality black and white 

images from the surface of the objects on which the sensor operates. The sensor consists of an 

LED which illuminates the object’s surface. Afterwards, an embedded optical lens focuses 

reflected light from the surface in order to form an image (from the surface) on the sensor. 

 

  Figure 5.4: Optical flow sensor used in the 8 kg payload gripper  

in order to measure the grasped objects’ slippages. 

The right side of Figure 5.5 shows a photo taken by the optical flow sensor’s internal camera. 

The sensor’s camera continuously takes 3000 similar photos per second in order to track the 

displacements of the pixels.  

 

  Figure 5.5: Operation explanation of the optical flow sensor. 

 

In brief, the sensor provides (2D) feedback about the average movement of any distinct 

features in the pictures. It assigns a (+5) value to the features which move along the positive 

direction of the X and Y axes and a (-5) value for the features which move in negative 

direction along these axes. As an example, the output of the sensor for the movement shown 

on the left side of Figure 5.5 will be x = 1.67 and y = 5.  
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5.2.2   The 45 kg payload gripper 

In order to test the performance of the designed controllers in grasping a range of industrial 

objects a 45 kg payload direct-drive parallel jaw gripper is designed and fabricated, as shown 

in Figure 5.6. As shown in this figure, the gripper is mounted on a KUKA KR180 with a 180 

kg payload. Figure 5.7 depicts a CAD model and a side view of the ripper in both open and 

closed states. As shown in this figure, and similar to the 8 kg payload gripper, this gripper 

consists of two fingers and two servo motors, the latter being shown as M1 and M2 in this 

figure. To actuate a finger a servo motor is used. The gripper is made of aluminium and steel 

and it weighs 8.9 kg including the actuators. The motors utilise the RS-485 network 

communications protocol. A USB to RS-485 adapter is used to send commands from 

controller to the servo motors. A side view of the servo motors, as well as their most 

important features, are shown in Figure 5.8 and Table 5.3, respectively.   

 

 

Figure 5.6:  The 45 kg payload gripper mounted on a KUKA robot. 
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Figure 5.7: A Cad model and the side view of the 45 kg payload gripper in both open and 
closed states. 
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Figure 5.8:  The servo motor used in the 45 kg payload gripper. 

 

5.2.2.1   Ultrasonic-based slip sensor 

As might be noticed from Figure 5.7, there is an ultrasonic distance sensor (shown in Figure 

5.9) in the 45 kg payload gripper to measure the slippage of the grasped object. The main 

technical specifications of the sensor are reported in Table 5.4. Although the optical flow 

sensor could be used in the manner explained in the previous section for the 45 kg payload 

griper, due to the larger fingertips in the 45 kg  payload gripper, it needed more optical 

sensors to cover the entire surface of the fingertips, which would clearly increase the 

associated cost. Alternatively, in order to keep costs to a minimum, the gripper used an 

ultrasonic sensor as the slip sensor.  

 

Figure 5.9:  Front and back view of the ultrasonic sensor used 

 in the 45 kg payload gripper. 

An ultrasonic sensor is a device that provides feedback as to the object’s distance by using 

sound waves in the ultrasound frequency range. Figure 5.10 depicts the frequency ranges of 

the ultrasound wave, whereas Figure 5.11 shows a schematic diagram of the ultrasonic 

sensors’ operation.  
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Figure 5.10:  Frequency range used for the ultrasonic sensors. 

 

As shown in Figure 5.11, the sensor measures distance by emitting an ultrasound wave to the 

object and collecting the reflected wave. By measuring the elapsed time to transmit and 

receive a sound wave (the so-called Time-of-Flight (TOF)), and by knowing the speed of the 

sound wave, the distance between the sensor and object, dso, can be accurately calculate as 

shown in Eq. 5.2.  

 

𝑑𝑆𝑂 =
𝑆𝑝𝑒𝑒𝑑 𝑜𝑓 𝑠𝑜𝑢𝑛𝑑 × 𝑇𝑂𝐹

2
 

 

 

(5.2) 

In this equation, the speed of sound (in dry air) is equal to 340 m/s and the TOF includes the 

time taken for the sound wave to reach the object and return to the sensor. Simply, to find the 

distance between the sensor and object, as shown in Eq. 5.2, the round-trip time needs to be 

divide by two. In order to activate the SRF05 ultrasonic module, an Atmega 2560 8-bit 

microcontroller is used in the gripper. The sensor module has 5 pins, VCC, Trig, Echo and 

Ground where the VCC and Ground pins need to be connected to the 5 V and ground pins of 

the microcontroller. The Trigger and Echo pins are connected to the two Digital input/output 

pins of the microcontroller. In order to generate the ultrasonic wave, the Trigger pin of the 

sensor must receive a high value for 10 µs. This, as shown in Figure 5.12, will generate an 8-

cycle sonic burst. The generated sonic pulse then will travel at the speed of sound. The 

reflected pulse will be shown in the Echo pin as the time in microseconds. 

 

Figure 5.11:  Diagram of the ultrasonic sensor operation. 
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Figure 5.12:  Diagram of the send and receive comments of the ultrasonic sensor. 

 

As an example, assume that there is an object 25 cm away from the sensor; knowing the speed 

of the sound as being 340 m/s, which is equal to 0.034 cm/µs, the wave’s travelling time will 

be 735 µs. However, as explained before, the Echo pin will show the double value (in this 

case 1470) where from Eq. 5.2 it should be divided by 2. 

 

5.3  Grasp Model 

Eq. 5.3 depicts a second-order system that is used to model the gripper and its DC motors.  

 

𝐼𝜃̈𝑓 + 𝐵𝜃̇𝑓 + 𝐾𝜃𝑓 + 𝐹𝑑𝑢 = 𝑘𝑇 (
𝑉𝑠 − 𝑉𝐶𝐸𝑀𝐹
𝑅𝑎𝑟𝑚𝑎𝑡𝑢𝑒

) = 𝑘𝑇𝐼𝑚 = 𝑇𝑚 

 

(5.3) 

 

where I is the equivalent moment of inertia for the fingers and the motor armature. The 

damping term B is used in order to model the all frictional losses in the system. K represents 

the system’s stiffness and Fdu is the disturbance-uncertainty term which includes the 

stochastic environmental perturbation acting upon the fingers, as well as un-modelled 

parameters of the system. kT, Vs, VCEMF and Rarmature are the DC motor’s torque constant, 

operating voltage, counter-electromotive force (CEMF) and terminal resistance (ohms), 

respectively. Im and Tm are the DC motor’s operating current (the current through the motor’s 

windings) and the motor’s output torque, respectively. From chapter four, Eq. 5.3 can be 

rewritten as per below: 

 

𝐼𝜃̈𝑓 + 𝐵̃𝜃̇𝑓 + 𝐾𝜃𝑓 + 𝐹𝑑𝑢 = 𝑘𝑇𝑅𝑉𝑠 

 

(5.4) 

where  

 

𝐵̃ = 𝐵 + 𝑘𝑇
𝑉𝐶𝐸𝑀𝐹
𝑅𝑎𝑟𝑚𝑎𝑡𝑢𝑒

 

 

𝑘𝑇𝑅 = 𝑘𝑇 𝑅𝑎𝑟𝑚𝑎𝑡𝑢𝑒⁄  
 

 

 

(5.5) 

From Eq. 5.4, the state space model of the system can be written as per below: 
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𝑋1 = 𝜃𝑓 

 

𝑋̇1 = 𝑋2 = 𝜃̇𝑓 

 

𝑋̇2 = 𝑘̃𝑇𝑅𝑉𝑠 − 𝐴𝐼,𝐵̃,𝐾,𝐷(𝑋1, 𝑋2) 
 

 

 

(5.6) 

where X1 and X2 are the state variables which, as shown in this equation, are equal to the 

fingers’ rotational angle and velocity (𝜃𝑓 , 𝜃̇𝑓  ), respectively. 𝐴𝐼,𝐵̃,𝐾,𝐷 in this equation is a 

function of state variables and contains the I, 𝐵, K and Fdu terms, whereas 𝑘̃𝑇𝑅 is the quotient 

of I and K.  Figure 5.13 shows a position, velocity and force feedback control with an anti-

windup layout used to control the fingers’ position, velocity and grip force. In this figure, GP, 

KP, KI, and Kaw are the proportional gain for the position control, the proportional gain for the 

velocity control, the integral gain for the velocity control and anti-windup gain, respectively. 

The feedback gain Kβ is a conversion constant of the shaft’s position and angular velocity.  

To evaluate the response of the gripper to the step force inputs appropriate tests have been 

performed, the results of which are shown in Figure 5.14. In these tests, a chain of step 

functions with increasing amplitudes 5, 10, 15, 20, 25, 30, 35, 40 N has been sent as the 

desired force input function of the gripper. The servo motors have been actuated with these 

reference force inputs and with an object placed between the fingers. The objects used in this 

test were a foam block, a piece of wood and a RSJ steel beam. The green dashed lines in the 

figure depict the explained desired input force function whereas the solid blue lines are the 

measured grip force applied to the foam, wood and RSJ steel beam, respectively. From this 

figure, it may be noted that the force controller failed to reach the desired force in most of the 

steps and there are some steady-state errors in most of the times. Apart from the steady-state 

errors, there are also some overshoots in the response of the controller for the wood and steel 

beam, where these overshoots increased by increasing the amplitudes of the steps. The 

maximum overshoot took place for the input with the maximum amplitude of 40 N.  

 
Figure 5.13: Position, velocity and force feedback control with an anti-windup layout. 
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(a) 

 
 

 

(b) 

 
 

 

(c) 

 
Figure 5. 14: Grasp response of the gripper controlled by the hybrid position-force controller 

to the step inputs with increasing amplitude (dashed green curve). 

 

Recalling Section 4.3, it is worth noting that an accurate model of the grasp is hard to 

determine for several reasons. For instance, consider the grasp task shown in Figure 5.15. As 

shown in this figure, the gripper should grasp an object with the stiffness and damping of KOBJ 

and BOBJ. Before the fingers touch the object, the stiffness of the system (K in Eq. 5.4) has no 

effect on the grasp model and hence is negligible. However, as soon as the fingers start 

touching the object, the stiffness of the system and the stiffness of the object should be 

considered in the grasp model. Unfortunately, in reality, it is impractical to calculate the 

stiffness of the unknown objects to be grasped. This makes the grasp model inaccurate. To 

solve the uncertainty problem explained above, a hybrid sliding mode PI controller is 

designed, as shown in Figure 5.16. 

As explained previously in chapter 4, the sliding mode controller will increase the robustness 

of the proportional integral control to the uncertainty of the object’s mechanical impedance 

(KOBJ and BOBJ) and hence reduce the undesired steady-state error and response overshoot.  
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Figure 5.17 depicts the force tracking test performed to evaluate the performance of the 

designed hybrid control. 

 

 

 

Figure 5.15:  Uncertainty about the mechanical properties of 

 the object to be grasped makes the grasp model inaccurate. 

 

The 45 kg payload gripper is used in this test with the same objects as those used in the 

previous test (a foam block, a piece of wood and a RSJ steel beam) as the objects to be 

grasped. The dashed blue lines in this figure are the force trajectory used as the desired input, 

whereas the solid orange and solid red lines show the output grip force for the PI and hybrid 

sliding mode-PI controllers, respectively. As can be seen from this figure, the fixed gain PI 

controller is suffering from steady-state error and overshoot, whereas the hybrid sliding mode-

PI controller can robustly remove the steady-state errors and overshoots from the PI 

controller.  

 

 

Figure 5.16:  Hybrid sliding mode-PI force controller design. 
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(a) 

 
 

 

(b) 

 
 

 

(c) 

 
Figure 5.17:  Force tracking test with the 45 kg payload gripper for (a) foam block (b) piece of 

wood and (c) RSJ steel beam. The dashed blue lines, solid orange and solid red lines are the 

reference trajectory, the response of the fixed gain PI control and the response of hybrid 

sliding mode-PI controller to the reference trajectory input, respectively. 

 

5.4   Hybrid SMC-PI Control Design 

In this section, an adaptive sliding mode control law is designed to control the grasp in the 

designed grippers. Assuming an error function as below: 

 

𝑒𝑥,𝑆𝑙(𝑡) = 𝑆𝑙 − (𝑥𝑓 − 𝑥0) 

 

 

(5.7) 

where Sl is the slippage of the object, the magnitude of which is acquired through the slip 

sensor. xf is the position of the fingers, and x0 is the position of the fingers when they make 

contact with the object’s surface without applying any force to it. As can be remembered from 

chapter 4, the next step in designing a sliding mode control is defining a sliding variable. The 

sliding variable for the above error state is given by: 

𝜎(𝑒, 𝑒̇) = 𝑒̇ + 𝜂𝑒 
 

(5.8) 
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where η is the convergence rate and any arbitrary positive constant as this guarantees the 

exponential decay of the error states. In order to achieve asymptotic convergence of the error 

state variables 𝑒(𝑡) and 𝑒̇(𝑡) to zero, lim𝑡→∞ 𝑒(𝑡), 𝑒̇(𝑡) = 0 with a convergence rate η, in the 

presence of a bounded disturbance |𝐷(𝑑𝑡,𝑚)| ≤ 𝐷 , the variable σ has to be driven to zero in 

a finite time. The following two subsections, will explain the two different control designs 

used to achieve this task. 

 

5.4.1   Quasi-sliding Mode grasp control 

Recall Section 4.5 from chapter 4, the quasi sliding mode control law, QSMC, Eq. 4.24 can be 

used to drive σ to zero in a finite time. 

 

𝐹𝑔𝑟𝑖𝑝 = −SAT(𝜎, 𝜀) 

 

SAT(𝜎, 𝜀) = −Ω
𝜎

|𝜎| + 𝜀
  𝜀 ≈ 0  𝜀 > 0 

 

 

 

(5.9) 

Where, from Eq. 4.22 we have: 

 

Ω = D +
𝜉

√2
 

 

(5.10) 

 

Where the role of the D term in Eq. 5.10 is to compensate for the external bounded 

disturbance and any uncertainty of the system |𝐷(𝑑𝑡,𝑚)| ≤ 𝐷, whilst the term 
𝜉

√2
 determines 

the reaching time to the sliding surface; choosing a larger value for ξ will lead to the shorter 

reaching time Ts. From Eq. 4.19, the sliding manifold reaching time can be calculated as: 

 

 

𝑇𝑠 ≤ 
2√Λ𝜎(0) 

𝜉
=
√2|𝜎(0)|

𝜉
 

 

(5.11) 

 

Now assume the grasp and lift scenarios shown in Figure 5.18. In the grasp mode shown on 

the left side of this figure, as the object is on the ground, the slip feedback from the slip sensor 

will show zero slippage, Sl = 0. In order to drive the error function (Eq. 5.7) to zero, the 

gripper will close the fingers until contact between the fingers and object occurs, xf = x0. As 

shown in this figure, in the grasp mode the fingers applied force will be zero.  
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It is evident that as the gripper’s applying force is zero, the object will start sliding as soon as 

the gripper tries to lift the object in the lifting mode, Sl > 0. This means that the error is not 

equal to zero anymore. In this case, in order to bring the error to zero, the controller will 

increase xf (and hence increase the grip force) until the object stops slipping. Figure 5.19 

depicts the control diagram explained by Eq. 5.7, 5.8 and 5.9.  

    
Figure 5.18:  A schematic model of the gripper and object in its grasp (left) and lift (right) 

mode. 

In this figure, status 1, 2 and 3 represent the gripper in its open, grasp and lifting modes. In 

this diagram, Fp is a fixed negative force which keeps the gripper in its open status as long as 

the system is receiving an open command from the operator. Fg is a small, positive force 

which slowly closes the gripper. As the controller does not have any prior knowledge about 

the size of the object, this small force ensures that the gripper slowly closes its fingers until 

the grasp takes place. As soon as the observer (OBS) receives a close command, it sends a 

status command 2 to the control switch, Sw. Consequently, the gripper control command will 

be changed to Fg. Sending Fg commands to the servomotors will cause the gripper to start 

slowly closing its fingers until contact between fingers and object is accomplished. As soon as 

the fingers establish this contact, the observer will receive a non-zero force feedback (Fm > 0) 

from the servos. Afterwards, the observer will send status command 3 to the switch and the 

sliding mode control will start its operation. It is worth noting that, from chapter four, in order 

to guarantee the robustness of the system in overcoming large disturbances, a relatively large 

value is chosen for the control variable, Ω. 
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Figure 5.19: Block diagram of HSMC. 

 

5.4.2   Control Design and Robustness Analysis 

Figure 5.20 shows a schematic model of the gripper with a grasped object. From this figure, 

the state variable equation of motion can be obtained as below: 

 

Figure 5.20: Schematic model of the gripper  

with the held object 

 

{

𝑋1 = 𝑆𝑙                                                            

𝑋̇1 = 𝑋2                                                           

     𝑋̇2 = 𝑔 −
𝜇

𝑀
𝐹𝑛 + 𝑓𝑑(𝑋1, 𝑋2, 𝑡) + 𝛤(𝑋1, 𝑋2)

 

 

 

 

(5.12) 

where X1 and X2 are the held object’s slippage and the velocity of the slippage, and Fn is 

control force (grip force). fd(X1, X2, t) and Г(X1, X2) in this equation represent an external 

disturbance and any uncertainty in the model, respectively, whilst the constant M denotes the 

object’s mass. As from Eq. 4.3, the disturbance and model’s uncertainty can be rewritten as a 

single force, as per below: 
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𝐹𝑑𝑢(𝑋1, 𝑋2, 𝑡) = 𝑓𝑑(𝑋1 , 𝑋2, 𝑡) + 𝛤(𝑋1 + 𝑋2) 
 

 

(5.13) 

where Fdu is assumed to be bounded as below: 

 

|𝐹𝑑𝑢(𝑋1, 𝑋2, 𝑡)| ≤ 𝐷                 𝐷 > 0 (5.14) 

 

By substituting Eq. 5.13 into Eq. 5.12 we can write: 

 

{

𝑋1 = 𝑆𝑙                                                   

𝑋̇1 = 𝑋2                                                   

     𝑋̇2 = g −
𝜇

𝑀
𝐹𝑛 + 𝐹𝑑𝑢(𝑋1, 𝑋2, 𝑡)             

 

 

 

 

(5.15) 

From Eq. 5.7 the error function is defined as below: 

 

𝑒𝑥, 𝑆𝑙(𝑡) = 𝑆𝑙 − (𝑥𝑓 − 𝑥0) 

 

 

(5.16) 

A sliding mode control law Fn = Fn(X1, X2, t) has to be designed to drive the error to zero in a 

finite time. Using this error function, the error-based sliding variable will be: 

 

𝜎(𝑒,𝑒̇)
𝑡 = 𝑒̇ + η𝑒 

 

 

(5.17) 

  From Eq. 5.15, 5.16 and 5.17 we can obtain: 

 

𝜎̇ = −𝑥̈𝑓 − 𝜂𝑥̇𝑓 + 𝜂𝑆̇𝑙 + g + 𝐹𝑑𝑢(𝑋1, 𝑋2, 𝑡) −
𝜇

𝑀
𝐹𝑛 

 

 

(5.18) 

where for Fn we can write: 

 
𝜇

𝑀
𝐹𝑛 =

𝜇

𝑀
𝐹𝑛 − 𝐹𝑛 + 𝐹𝑛 = 𝐹𝑛 (

𝜇

𝑀
− 1) + 𝐹𝑛 

 

 

(5.19) 

Substituting Eq. 5.19 into Eq. 5.18 we can write: 

 

𝜎̇ = 𝑥̈𝑓 + 𝜂𝑥̇𝑓 − 𝜂𝑆̇𝑙 − g − 𝐹̃𝑑𝑢(𝑋1, 𝑋2, 𝜇,𝑀, 𝑡)⏟                          
Α(𝑋1,𝑋2,𝜇,𝑀,𝑡)

− 𝐹𝑛 

 

⇒ 𝜎̇ = Α(𝑋1, 𝑋2, 𝜇,𝑀, 𝑡) − 𝐹𝑛 
 

 

 

(5.20) 

Where 𝑆̇𝑙 is the speed of the slippage which is measurable using the slip sensor. 

Α(𝑋1, 𝑋2, 𝜇,𝑀, 𝑡) is called the system’s cumulative uncertainty-disturbance. It is assumed that 
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the cumulative uncertainty-disturbance Α(𝑋1, 𝑋2, 𝜇, 𝑀, 𝑡) parameter is bounded, 

|Α(𝑋1, 𝑋2, 𝜇,𝑀, 𝑡)| ≤ 𝐷𝐴. 

Recall the sliding mode existence condition Eq. 4.33. For convenience, the condition is 

rewritten as per below: 

 

𝜎𝜎̇ ≤ −𝜉̅ |𝜎|,         𝑤ℎ𝑒𝑟𝑒     𝜉̅ =
𝜉

√2
 

 

(5.21) 

Consequently:  

 

𝜎𝜎̇ = 𝜎(Α(𝑋1, 𝑋2, 𝜇,𝑀, 𝑡) − 𝐹𝑛) ≤ |𝜎|𝐷𝐴 − 𝜎𝐹𝑛 

 

(5.22) 

and selecting: 

 

𝐹𝑛 = Ωsign(𝜎) 
 

 

(5.23) 

Substituting Eq. 5.23 into Eq. 5.22 we obtain: 

 

 

𝜎𝜎̇ ≤ |𝜎|(𝐷𝐴 −Ω) = −𝜉̅ |𝜎| 

 

 

(5.24) 

From Eq. 5.24 it can be concluded that the sliding mode gain should satisfy the reachability 

condition shown by Eq. 5.25 in order to guarantee the robustness of the control law for the 

bounded disturbance-uncertainty, Α(𝑋1, 𝑋2, 𝜇, 𝑀, 𝑡).  

 

Ω ≥ 𝐷𝐴 + 𝜉̅ 
 

 

(5.25) 

The term DA in Eq. 5.25 is used to overcome 𝛢(𝑋1, 𝑋2, 𝜇, 𝑀, 𝑡), whilst the second term, 𝜉̅, 

determines the reaching time to the sliding surface; this reaching time can be calculated by 

substituting 𝜉̅ into Eq. 5.11. 

 

5.4.3   Adaptive SMC grasp control 

The previous section, talked about the condition in which the robustness of the controller can 

be guaranteed. From Eq. 5.25, it is realised that choosing any value for Ω that is greater than 

𝐷𝐴 + 𝜉̅ can guarantee the robustness of the controller. However, despite the fact that choosing 

a large value for Ω increases the robustness of the system to unknown disturbances, as well as 

decreasing the response time of the controller (by reducing the reaching time), there is, 

however, a disadvantage inherent to the large value of Ω; it increases the tendency of the 
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system towards chatter. Although, as explained before in chapter 4, this phenomenon does not 

affect the outcome of the controller, but increases the power consumption of the motor and 

reduces the lifespan of the associated mechanical parts. In order to reduce the CHPH from the 

control response a new adaptive sliding mode controller, the ASMC, is introduced by adding 

a rectifier feedback loop to the control law explained in the previous section. To do so, a small 

value, 𝐷̃, is selected for the bounded disturbance term, DA, which reduces any unnecessary 

CHPH when the disturbance is small. The new value for Ω is given by: 

 

𝛺 = 𝐷̃ +
𝜉

√2
+ 𝐻1

𝑑

𝑑𝑡
𝑆𝑙 + 𝐻2 = 𝛺́ + 𝐻1𝑆𝑙̇ + 𝐻2𝐾𝑅𝐶4 

 

 

𝐾𝑅𝐶4 = {

 1                     𝑉𝑎𝑟𝑚 > 0  
     𝑖𝑓                 

 0                      𝑉𝑎𝑟𝑚 = 0
 

 

 

 

 

(5.26) 

where H1 and H2 are constant gains. Including a time derivative slippage within the control 

loop can guarantee the robustness of the controller to external disturbances greater than 𝐷̃, as 

any unexpected disturbance will cause the grasped object to slip. As the result, this undesired 

slippage will increase the control gain, Ω. 

There is also a feedback from the manipulator’s control cabinet (KRC4) to the sliding gain. The 

gain H2 in this loop will become greater than zero 60 ms (or any value greater than reaching 

time, Ts) before the manipulator starts moving. This will help the controller to eliminate the 

destabilizing effect of the manipulator’s movement. This gain, however, will become zero, 1 s 

after the manipulator stops its movement. 

Figure 5.21 shows the block diagram for this controller. The experimental results reported in 

the next section will show how the proposed AHSMC can reduce the undesired CHPH from 

the control response. 

 

Figure 5.21: The control block diagram of the designed ASMC. 
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5.5   Super Twisting Sliding Mode Control 

Alternatively, and as depicted in Figure 5.22, in order to solve the above-mentioned 

inconvenience inherent to FSMCs, an adaptive hybrid super twisting sliding mode controller 

(ASTSMC) is designed. The designed controller can eliminate CHPH without compromising 

the robustness of the controller. From chapter 4, the STSMC is a particular type of second-

order sliding mode control. The great advantage of STSMC compared to other 2-SMC is that 

only measurements of the sliding variable σ need to be used to guarantee the condition 

𝜎 = 𝜎̇ = 0. In other words, the STSMC can be used for systems of relative degree 1 instead 

of a standard 1-sliding mode controller in order to avoid CHPH. 

According to equation Eq. 4.43 from chapter 4, the control function for a STSMC must be 

provided in the form: 

 

F𝑛 = Ω̃√|𝜎(𝑒,𝑒̇)
𝑡 |sign(𝜎(𝑒,𝑒̇)

𝑡 ) + Υ 

 

Υ̇ = 𝑤 sign(𝜎(𝑒,𝑒̇)
𝑡 )                        

 

 

 

(5.27) 

with the following tuning relationships: 

 

Ω̃ = √𝑈    ;   𝑤 = 1.1𝑈         

 

(5.28) 

where U is a positive constant which is used to eliminate the uncertainty/disturbance term. 

There is also a gained feedback from the manipulator’s control cabinet (KRC4) and a time 

derivative slippage to the sliding gain, U, in order to guarantee the reachability condition and 

hence stability of the system. 

Thanks to the continuous algebraic function, unlike the SMC, any discontinuous oscillating 

output is eliminated in this controller.  

To quantify the performance of the proposed ASTSMC more accurately, a number of 

experimental tests have been carried out consisting of a pick-and-place task where objects 

were moved between pick and place points through fast accelerations and decelerations. Due 

to the high dynamic trajectory, grasped objects could in principle slip through the fingers of 

the gripper or even drop out of it. The next section describes this experiment and discusses the 

related results. 
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Figure 5.22: ASTSMC block diagram. 

 

5.6   Experimental Results and Discussion 

In order to test the performance in terms of preventing grasped objects from slipping, both 

controllers have been tested using a wide variety of objects of different weights. In this 

chapter, the results of only some of them are presented. The following objects  

 - A 1.75 L Coca-Cola bottle partially filled (1 L) with liquid  

- A block of metal (weight 1.5 kg) of cubic shape 

- A piece of wood (weight 800 g) of cubic shape, and  

- An egg.  

have been used in order to test the performance of the 8 kg payload gripper in the presence of 

the proposed controllers. In particular, the bottle, because of being partially filled, is 

characterised by a variable CM during the course of its trajectory, which generates further 

transient disturbances to the gripping action. All objects were picked and placed using the 

same motion trajectory characterised by 18 points, as shown in Figure 5.23, with steep ramps 

of acceleration and deceleration. Figure 5.24 illustrates the trajectory profile of the gripper 

used in these experiments. The results for each of these objects in terms of slippage, applied 

gripping force, sliding variable and error states are shown in Figures 5.25, 5.26, 5.27 and 5.28 

respectively. The figures show four tests for each object to demonstrate the consistency of the 

controller’s performance for a given object. 
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Figure 5.23: The robot grasps and lifts different objects (a Coca-Cola bottle) and starts to 

move along a pre-programmed trajectory in an accelerating and decelerating manner. 

 

 

 
Figure 5.24: Motion trajectory profile of the gripper used in the experiment. 
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Figure 5.25:  Experimental results using the ASMC for the Coca-Cola bottle 
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Figure 5.26:  Experimental results using the ASMC for the metal block. 
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Figure 5.27:  Experimental results using the ASMC for the wood. 
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Figure 5.28:  Experimental results using the ASMC for the egg. 
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Figures 5.25, 5.26, 5.27 and 5.28 show the recorded slippage, applied force, sliding variable σ 

and error states 𝑒 and 𝑒̇ from four experimental trials using the ASMC with the four objects: a 

partially filled soda bottle, a block of metal, a piece of wood and an egg. As depicted in this 

figure, for all the results, at t = 4.5 s when the gripper starts lifting the objects, the force 

applied to the objects by the gripper starts to rise due to the slippage. For the remaining time, 

the controller reacts by increasing the applied force when slippage occurs. From these figures, 

it may also be noted that the controller maintains the value of σ at zero and consequently the 

error states converge to zero after only a short transient period. The isolated, larger peaks in 

the ripple occur when the object slips, confirming the robustness of the designed ASMC in the 

presence of the unexpected disturbances which result in undesired slippages. For all tests, and 

with all objects, the experiment has been repeated four times (blue, red, green and magenta 

lines in the diagrams) to test the repeatability and consistency of the results. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



165 
 

 

 

 

 

 

(a) 

 
 

 

 

(b) 

 
 

 

 

(c) 

 
 

 

 

(d) 

 
 

Figure 5.29:  Experimental results using ASTSMC for the Coca-Cola bottle. 
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Figure 5.30:  Experimental results using ASTSMC for the metal block.  
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Figure 5.31:  Experimental results using ASTSMC for the wood. 
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Figure 5.32:  Experimental results using ASTSMC for the egg. 

 
 
 



169 
 

Figures 5.29, 5.30, 5.31 and 5.32 show the results of using designed ASTSMC for the four 

objects. The reaction of the controller in terms of response times and compensation for 

disturbance is similar to the first controller. However, CHPH is reduced dramatically, 

regardless of the stiffness of the grasped objects. It is worth noting that all the curves reported 

above evidence the random nature of the slippage, since the four tests performed for each 

given object do not have exactly the same outcomes. However, in spite of these random 

variations, it is possible to note a number of more deterministic features by comparing the 

results gained for the different objects. Because the objects are characterised by having 

significantly different weights, frictional characteristics and stiffness, for heavier objects the 

gripping force is initially enhanced through the control action caused by the initial slippages. 

This could explain the slightly different behaviour in the slippage and increasing gripping 

force in the first part of the movement for heavier objects. However, after about 5 seconds, all 

objects show similar behaviour, with the gripping force clearly being able to cope with the 

highly variable profile of the trajectory acceleration. The average value of the gripping force 

remains the same (no slippage is evident) until a further slippage occurs at around 15 seconds 

for all objects. The only exception is that of the partially filled bottle, where perhaps 

unsurprisingly the variable CM causes further intermediate slippages.  

Figures 5.33, 5.35 and 5.37 depict some of the experiments have been performed with the 45 

kg payload gripper, as controlled by the proposed adaptive hybrid super twisting sliding mode 

controller, the experimental results of which can be found in Figures 5.34 and 5.36 

respectively. Figure 5.33 depicts a pick and place task in which different objects (a concrete 

block, a wooden beam and a pipe) with different shapes, weights and stiffnesses must be 

picked with high accuracy and placed in a predefined place. As shown in this figure, 

regardless of the diversity of the shape and mechanical properties of the objects, the robot can 

satisfactorily grasp and lift the objects and place them in the specified place. In addition to the 

theoretical stability analysis that explained above, and in order to reassure the performance of 

the controller and grippers in real-world scenarios, several lifting tests with many different 

objects have been performed. Figures 5.35 and 5.37 depict only some of these tests. As shown 

in this figure, thanks to the robustness of the controller to any uncertainty in its grasp, the 

gripper can grasp and lift different objects with different weights. As shown in this figure, the 

gripper first lifted a light weight and delicate glass of wine, whereas afterwards it lifted two 

chairs and a 20 kg steel pipe. 
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Figure 5.33:  Pick and place tasks with the 45 kg payload gripper and ASTSMC. 
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Figure 5.34:  Experimental results for the Pick and place tests shown in Figure 6.33. 

 
 

 
Figure 5.35:  Many lifting tests with several different objects have been performed in order to 

test the robustness of the system in real-world scenarios. 



172 
 

 

 
Figure 5.36: Experimental results for the test shown in Figure 6.35. Purple curves for chairs 

and red curves for glass of wine. 

 

 
Figure 5.37:  Using the designed gripper and ASTSMC the robot performs very robust grasp.  
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Figure 5.38:  Experimental results of the ASMC (blue line) and FSMC (pink line) for the 

Coca-Cola bottle. 

 

Finally, as discussed earlier, CHPH is a disadvantage of FSMC which the designed AHSMC 

can remove. Figure 5.38 shows the slippage, applied gripping force, Fn, σ, and the error states 

for both controllers in one of the experimental trials (pink line for SMC, blue line for ASMC). 

This figure shows that the designed ASMC can reduce CHPH without affecting controller 

robustness. In addition to the experimental results explained above, and as a case study, a new 

task for the controller was designed which is similar to certain daily tasks such as sanding or 
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picking up a business card from a desk. In these kinds of tasks, the goal is to keep the sliding 

object in the hand by applying an absolute minimum force on it. In the sanding task for 

instance, the goal is to keep the sandpaper in the hand by applying the minimum force to it. If 

the sandpaper receives too large a force from the carpenter’s hand it will not move across the 

surface of the wood, whilst if the applied normal force is not sufficient, the sandpaper will just 

slide out of his hand. As another example, when sliding a business card across the surface of a 

desk, the shear force between the fingers and card should only be slightly greater than the 

friction between the card and the surface of the desk. The gripper used the STSMC to perform 

this task, as shown in Figure 6. 34. Figure 6. 34. a depicts the way in which a human picks up 

a business card or any thin object from a desk. To do so, as shown in this figure, due to the 

low thickness of the card, he first needs to slide the card across the surface of the desk toward 

the edge of the desk; afterwards, he can grab and lift the card from the edge of the desk. 

Figure 6. 34. b shows the implementation of such a task in the experimental platform. This 

figure depicts the way that the robot slides the card across the surface using ASTSMC.  

In this experiment, only one of the fingers (the finger above the table) was controlled by the 

proposed controller, whereas the other one only received open force comment (Fp) from the 

controller. The robot starts to slide the card across the surface of the table by applying a small 

amount of force while the controller increases the force when the card starts to slip out of the 

finger. Figure 5.39 demonstrates three results from this experiment. Four thin objects (1 mm, 

1.5 mm, 1.8 mm, 2.3mm) with different friction coefficients have been used in this test. As 

shown in the figure, the controller was able to robustly stop the objects when they started to 

slip. It should be noted that significant work on this type of grasping and manipulation has 

been reported in the literature and this experiment has been performed not to advance the state 

of the art but rather to demonstrated the additional abilities of the gripper and controller.  
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(b) 

Figure 5.39: (a)The way in which a human picks up a business card or any thin object from a 

desk by sliding it across the surface of the desk (b) The way that the robot slides the card 

across the surface using ASTSMC (c) behaviour of the robot to the slippage of the object. 

 

It is worth noting that despite the fact that only one optical flow sensor is sufficient to 

measure the slippage along the X- and Z, as shown in Figure 5.40.a, incorporating the second 

sensor into the gripper design provides the additional capability to measure the deviation of 

the object. In this figure, the deviation of the held object in the real gripper is measured and 

displayed in a simulated model in real time. This deviation (which is about the xo axis in the 

ooxoyozo frame) can be calculated simply by subtracting the length of the displacement arc 

measured by the left sensor from that measured by the right sensor. Figure 5.40.b depicts the 

associated arcs measured by the two sensors. As shown in this figure, in order to measure the 

deviation of the object, the fingers are intentionally misaligned. This misalignment provides 

different displacement arc in the sensors. Also the data from the optical flow sensors has been 

used to re-calculate the end effector target position on the fly to compensate for grasped 

object displacements.  
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(a) 

 
(b) 

Figure 5.40:  Using two sensors provides the capability to measure  

the deviation of the object. 

 

 

 

 

Figure 5.41: Rotation of the gripper about zo axis generates an extra force, Fd acting on the 

fingers. However, the designed controllers can satisfactorily compensate this force. 
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Finally, it is worth noting that in some experiments such as the one shown in Figure 5.37 and 

5.41 due to rotation of the gripper around zo axis, one of the fingers receives an extra force, Fd 

due to the weight of the object. In this case, the controller will increase the desired force of 

the left finger in order to compensate the disturbance term, Fd.  

 

5.7   Discussion 

Grasping and lifting an unknown object in the presence of external stochastic perturbations 

represents a significant challenge. The main challenge is one of estimating the exact gripping 

force required to prevent slippage whilst avoiding any damage to, or deformation of, the 

object. This challenge has been addressed by initially looking for a control architecture that 

can guarantee any external disturbances and unmodeled/unknown characteristics of the 

grasped objects are properly compensated for. It has been illustrated that the proposed 

adaptive hybrid SMC and STMSC, in combination with feedback for the gripping force and 

slippage, can provide the robustness required. In the work presented, the optical flow sensors 

and the ultrasonic sensor were used to detect slippage, and the current-based torque 

measurement allowed the system to perform well with a wide variety of grasped objects in 

pick-and-place tasks characterised by trajectories with steep acceleration and deceleration 

ramps. In this chapter, experimental results for different objects with significantly different 

mechanical properties have been presented. During the experiments, the controllers were 

given no prior knowledge of these objects. The gripper was able to achieve a stable grasp on 

each of the objects and complete the pick-and-place task several times without damaging 

them. 
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Chapter 6 

 

CONCLUSIONS AND FUTURE WORK 

 

6.1   Summary 

Arguably, robot interaction with the environment is one of the most challenging tasks in 

Robotics. Robotic grasping is one of the fields of Robotics which always needs to deal with 

such interactions. The difficulties of the grasping task can, in essence, be attributed to the 

following three reasons:   

 

1) Any mechanical interaction between the gripper and object, as shown in chapter one, 

can potentially move the system’s poles to the right side of the real axis in the locus 

zero-poles plot, meaning that such an interaction has the potential to destabilise the 

interaction port (fingers) of the gripper system (see Figure 1.7).  

 

2) The mechanical properties of the object to be grasped can easily change the behaviour 

of the gripper in the presence of conventional control algorithms. Any interaction with 

an unknown object can result in a steady-state error in the presence of a fixed gain 

position control and/or an undesired large overshoot in the responses of conventional 

force control methods (see Figure 1.5 and Figure 5.14). 

 

3) Even if the robot could satisfactorily grasp and lift an object, any external stochastic 

perturbation can destabilise the gripper and, consequently, result in the grasped object 

either being crushed, or falling and breaking (see Figure 4.4 and Figure 4.5). 

 

Recalling Section 1.2, one of the low-cost solutions to stabilising a robot’s mechanical port as 

controlled by an active force controller can be approached by adding a serial elastic element 

between the interaction port and actuator. This is also true in the human body, as it has been 

demonstrated that passive nonlinear properties of the capsular ligaments and muscle tendon 

units plays a vital role in providing a stable interaction with the environment.  
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Inspired by the metacarpophalangeal joints in the human hand, and with the aim of controlling 

the grip force and enhancing the stability of the grasp, two novel industrial variable passivity 

gripper designs have been proposed and examined in this work.   

The proposed gripper designs provided a sufficiently larger interval of stiffness variability 

than similar existing systems. The grippers use two servomotors and one linear spring in their 

actuation system, which provide a relatively simple manufacturing process. Having just a 

single spring in the design also helped us to achieve a very small hysteresis band and a fast 

stiffness control.  

As has been discussed in the design of a grasp controller, certain miscalculations in the 

system model are almost inevitable. These miscalculations arise for several reasons such as 

unpredictable disturbances (which is not considered in the model) as well as having to deal 

with objects with unknown parameters. It has been observed that this uncertain model creates 

difficulties when using conventional control methods for grasping tasks; however, it also has 

been shown that robust control methods represent an alternative solution to overcoming such 

difficulties.  

Grasping and lifting an object with unknown friction and weight and in the presence of 

unpredictable external forces and/or the lack of a good estimation of the geometry and mass 

distribution of the object itself represent significant challenges. The main problem lies in the 

estimation of the exact gripping force that needs to be applied to maintain the grasp without 

damaging or deforming the object.  

With the aim of preventing slippage whilst simultaneously minimising any deformation of the 

grasped object, a novel MIMO active slip prevention controller has been presented and 

evaluated. A two-finger tendon-driven gripper equipped with a novel arrangement of low-cost 

flexible force and slip sensors has been presented. This gripper was used to evaluate the 

performance of the proposed controllers in overcoming any undesired slippage of the grasped 

object.  

The main shortcoming of the conventional sliding mode control that has been addressed in 

this work is its tendency to oscillate due to its discrete sign function.  

Furthermore, it has been found that the performance of the first-order sliding mode control is 

also worsened by the fact that the amplitude of the chattering depends on the object’s 

mechanical properties, more specifically its stiffness; the greater the stiffness, the higher the 
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chattering amplitude. The designed hybrid super-twisting mode control satisfactorily 

eliminated chattering in the tests and provided consistent performance for any grasped object 

with different stiffness, friction and weights.  

Finally, a 8 kg and a 45 kg payload gripper have been proposed. The grippers were designed 

and fabricated as part of this work. The grippers used a novel adaptive super-twisting mode 

and adaptive first-order sliding mode controllers that have been designed to prevent slippage 

whilst minimising any deformation of the grasped object and undesired chatter. Similar to the 

tendon-driven gripper, both these controllers used force and slip feedback to counteract any 

slippage; in order to measure the slip, the gripper used a pair of optical flow sensors in the 8 

kg payload gripper and an ultrasonic sensor in the 45 kg payload gripper, whereas the force 

feedback was measured through estimating the motor current.  

The performance of the designed adaptive super-twisting mode controller has been evaluated 

against the proposed adaptive sliding mode control. The main difference between these 

controllers compared to those used to control the first tendon-driven gripper was that the 

former controls the grip force directly in order to achieve a robust grasp, whereas the latter 

regulated the rotational velocity of the servomotors to control the grasping task. The 

experimental results collected from the grippers showed that the controllers were sufficiently 

robust to overcome external nonlinear disturbances and inaccuracies in the system model 

when they were grasping and lifting unknown objects.  

The results showed that both controllers satisfactorily prevented slippage and minimised any 

deformation of the objects. Furthermore, the proposed controllers eliminated the above-

mentioned chattering phenomenon of the conventional sliding mode control whilst preserving 

its robustness.  

 

6.2   List of contributions 

The two primary contributions of this thesis are:  

 Direct impedance modulation for stable grasping in tendon driven, 

angular grippers: 

 

 Design and development of a novel variable stiffness gripper, capable of grasping 

unknown objects mainly intended for use by agricultural and food companies.  
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 Design development and validation of a novel force control algorithm that passively 

controls the grip force in variable stiffness grippers. Due to the passive nature of the 

controller, it completely eliminates the necessity for any force sensor. The 

combination of both the proposed variable stiffness gripper and passivity based 

control, provides a unique solution for the stable grasp and force control problem in 

tendon driven, angular grippers. 

 

 Active MIMO slip prevention grasp control for direct drive parallel jaw 

grippers: 

 

 Design, development and validation of a novel active multi input-multi output slip 

prevention algorithm. The algorithm provides a robust control solution to endow direct 

drive parallel jaw grippers with the capability to stop held objects from slipping while 

incurring minimum deformation; this can be achieved without any prior knowledge of 

the object’s friction and weight. This means that unknown objects can be grasped 

without the need for the grasp to be pre-programmed in advance.  

 

 

6.3   Design and developments 

To achieve the contributions detailed above the thesis resulted in the following scientific 

developments:  

 Design, development and modification of a novel variable compliance mechanism for 

industrial grippers.  

 Mathematical modelling of the stiffness function of the proposed variable stiffness 

mechanisms with respect to the control parameters. 

 

 Design and development of a new hybrid PI-SMC, and a hybrid PI-STSMC speed- 

control for robotic grasping tasks. 

 

 Design and fabrication of a tendon-driven gripper and a four-finger direct drive hand 

equipped with a new combination of force-slip sensors. 
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 Design and development of an innovative adaptive SMC and STSMC robust grasp 

controller. 

 

 Development and fabrication of a direct-drive 8 kg payload gripper and a 45 kg 

payload gripper with two different slip-sensing mechanisms. 

 

6.3   Limitations and Future Work 

Although all the pre-planned aims and objectives of this work have been successfully 

accomplished, nevertheless improvements to these works can be conducted.   

1. To evaluate the performance of the proposed variable stiffness grippers and collect the 

experimental data, the stiffness had to be adjusted manually, as based on previous 

knowledge of the objects being handled. Therefore, the next phase of this work will 

consist of integrating a visual object recognition method for automatic adjustment of 

stiffness values. 

 

2. The proposed variable stiffness designs used a tendon pulley mechanism to actuate an 

underactuated two-finger and three-finger grippers. Although the 3D printed 

prototypes presented were sufficient to verify the proposed concept of the variable 

stiffness mechanism, they could nevertheless be modified for used as the actuation 

system for grippers with more degrees of freedom. 

 

3. In the variable stiffness grippers, there is an extra payload on the shaft of the second 

motor M2. This extra payload comes from the weight of the first motor M1. Clearly 

this extra payload can cause excessive power consumption and reduce the efficiency 

of the system. This problem will be addressed in future work by modifying the design 

in a way so as to remove this payload from the sliding mechanism. 

 

4. Future work on these mechanisms could include an attempt to reduce friction and to 

make the system more compact. 

 

5. The grippers presented in this work use only one type of slip sensor per gripper (i.e., 

membrane potentiometer, optical flow and ultrasonic sensor). Although these sensors 
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have showed remarkable accuracy in measuring object slippage, a sensor 

fusion/combination method might further be considered in order to increase the 

accuracy of the data feedback received from the slip sensors. 

6. On the 45 kg payload gripper, the dexterity could be improved by increasing the 

degrees of freedom (increasing the number of fingers and joints) to achieve more 

complex tasks such as in-hand manipulation and re-grasping of objects rather than just 

pick and place. 

 

7. Creating a modular and scalable design will be considered in future work. Such a 

design will allow for further adaptability through the addition/removal of additional 

fingers easily and quickly. 

       

8. Incorporating a low-cost vision system with the gripper will be considered in future 

work to provide an approximate position for the objects to be grasped. 

 

9. Further work on AI learning methods to assess and optimise the grasp will be used for 

the next version of the grippers, which will have more degrees of freedom. 

 

10. An environmental protection will be designed for the gripper to allow it to work in 

environments where water/liquids might well be encountered (e.g., nuclear 

decommissioning or under water in the oil and gas sector). 

 

11. The possibility of using the control designs in a prosthetic hand or exoskeleton 

actuated by pneumatic artificial muscles will be evaluated. 

 

12. The grippers and controllers presented were designed to be used in KUKA platforms. 

However, they could be further improved through the development of an embedded 

control system, allowing the grippers to be used with any type of industrial robot 

manipulator. 

  

13. Finally, as suggested in chapter four, integrating the proposed controllers with in-hand 

control methods can allow them to outperform the current performance associated 
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with in-hand manipulation tasks. To investigate this idea, an AI-sliding mode cascade 

control will be designed for the four-finger hand. 
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APPENDIX A 

 

 

Λ̇𝜎 = 𝜎𝜎̇ = (𝜂𝑋2 + (−𝜂𝑋2 + 𝜚) + 𝐹𝑑𝑢)𝜎 

Where                                      𝜚 =  −𝛺sign(𝜎) 

 

 

A1 

 

Λ̇𝜎 ≤ |𝜎|𝐷 + 𝜎𝜚 

 

A2 

 

𝛬̇𝜎 ≤ −|𝜎|(𝛺 − 𝐷) = −
𝜉

√2
|𝜎| 

 

A3 

 

𝛺 = 𝐷 +
𝜉

√2
 

 

A4 

 

𝐹𝑎 = −𝜂𝑋2 − 𝛺 sign(𝜎) 
 

A5 
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