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Stiffness Control of Pneumatic Actuators to Simulate Human Behavior on Medical Haptic Simulators

In order to increase the realism of medical simulators, haptic interfaces could be used to simulate the patient's body behavior. It is especially interesting to reproduce the stiffness of different soft tissues with corresponding haptic behaviors. In this paper, two control laws, impedance control and backstepping associated with a closed-loop stiffness tuning, are introduced and applied to a pneumatic actuator. Both controllers have been obtained by using the A-T transform which is suitable to model the behavior of a pneumatic system, in a strict-feedback form. Both control laws allow to tune the system stiffness. A comparison of their performances is presented, based on experimental results.

I. INTRODUCTION

Medical staffs require continuing hands-on training on medical methods. During their education, they usually train on cadavers or animals (when available), and more recently on passive and active simulators, before training on real patients. It has been proven that computer-based haptic training simulators lead to an efficient training for advanced tasks [START_REF] Panait | The role of haptic feedback in laparoscopic simulation training[END_REF]. They offer residents a risk-free training in order to improve their experience before performing real procedures. However, to be efficient, this kind of training needs to be realistic. It is therefore necessary to simulate correctly the human body behavior, that is to say to obtain a realistic haptic feedback. A way to provide a realistic haptic rendering is to generate coordinated forces and motions on the haptic interface close to the ones measured on the real tool. Another way is to render an impedance (a stiffness and a damping) close to the one of the patient's body.

Nowadays, for each simulation need, the corresponding haptic interface has to be dedicated to the application because generic commercial haptic devices are not always suitable [START_REF] Kheddar | Preliminary design of a childbirth simulator haptic feedback[END_REF]. For practical reasons, in commercial simulators, electric actuators are commonly used, in order to reproduce the force feedback mimicking the response of the human body behavior to medical tool interaction. Indeed, the control laws for electric actuators are quite well mastered and easy to set up. However they have drawbacks such as a low power to weight ratio and difficulties to provide at the same time a high torque at high speed, and mechanical limitations in their backdrivability. This limits their performances to render a variable stiffness. On the opposite side, pneumatic N. Herzig, R. Moreau, A. Lelevé and M.T. Pham are with Univ. Lyon, INSA Lyon, Laboratoire Ampère (UMR 5005) F-69621, Lyon, France (e-mail: richard.moreau@insa-lyon.fr).

actuators are quite adequate to reproduce human body behavior as they provide a natural compliance thanks to the air compressibility in their chambers. They can be considered as Variable Stiffness Actuators (VSA) as their stiffness can be tuned by modifying the pressure in both chambers so that they can instantaneously react to stimuli without requiring a fast control loop. Unfortunately, their control is more complex than electric actuators as the air compressibility induces nonlinear behaviors. Advanced control laws are currently adapted for pneumatic actuators to control their stiffness. A state of the art in compliant control for pneumatic cylinder is given in [START_REF] Toedtheide | Antagonistic impedance control for pneumatically actuated robot joints[END_REF], most of them are based on a sliding mode controller and need two proportional servovalves for a single cylinder.

In this paper, we present two different control laws. The first one is often used in robotic systems to control the stiffness: impedance control [START_REF] Liu | Joint torque based cartesian impedance control for the DLR hand[END_REF]. The second one is based on a nonlinear method: backstepping position control synthesis with a gain tuning strategy to control the stiffness [START_REF] Abry | Electro-pneumatic cylinder backstepping position controller design with real time closed-loop stiffness and damping tuning[END_REF]. These control laws are applied on a pneumatic actuator and allow to control the position and the closed loop stiffness of the latter with only one servovalve per cylinder. Only one degree of freedom is studied in this paper but it can suffice to simulate the axial behavior during the insertion of a needle into a human body. A model of a pneumatic actuator is introduced in next section. In section III, both controllers are described while section IV is dedicated to the experimental results on a one degree of freedom actuator.

II. PNEUMATIC ACTUATORS FOR HAPTIC

FEEDBACK Pneumatic actuators are now used to design haptic interface. They can be used for teleoperation procedures [START_REF] Ben-Dov | A force-controlled pneumatic actuator for use in teleoperation masters[END_REF], [START_REF] Le | Bilateral control of a nonlinear pneumatic teleoperation system with solenoid valves[END_REF] or as a haptic interface to simulate childbirth delivery [START_REF] Herzig | Modelling a 2 degrees of freedom pneumatic robot using A-T transform and control law synthesis by backstepping[END_REF]. Their main benefit relies on the natural compliance of the air but their main drawback is due to the complexity to control them. Before detailing the controllers, a brief description of a pneumatic actuator is provided. Fig. 1 shows the actuator used in this paper. It consists of a double-acting pneumatic actuator (with two chambers denoted p and n) equipped with sensors (pressure, position, and force). Out of different products existing in the market, an Airpel R cylinder, i.e. designed and commercialized by Airpot R 1 , has been chosen according to its low friction technology. In this study we chose an Airpel M16D100D with a 100mm stroke. The actuator model can be obtained using two physical laws: the pressure dynamics of the chambers and the fundamental mechanical relation. The pressure evaluation of the chambers with variable volumes is obtained with the following assumptions [START_REF] Andersen | The Analysis and Design of Pneumatic Systems[END_REF]:

• air is a perfect gas and its kinetic energy is negligible in the chamber,

• the pressure and the temperature are homogeneous in each chamber, • the evolution of the gas in each chamber is polytropic and is characterized by coefficient k, • the temperature variation in chambers is negligible with respect to the supply temperature, • the temperature in each chamber can be considered equal to the supply temperature, • the mass flow rate leakages are negligible • the supply and exhaust pressures are constant. A 4 th order state model of the pneumatic actuator can be written:

                                 dy dt = ẏ d ẏ dt = 1 M (P p S p -P n S n -b ẏ -F pext -F st ) dP p dt = krT a V p (y) q mp - P p rT a S p ẏ dP n dt = krT a V n (y) q mn + P n rT a S n ẏ (1) 
where the model parameter are given in Table II. As ultra-low friction pneumatic cylinders are used, the stiction force F st can be considered as negligible.

Concerning servovalve dynamics, it can be neglected compared to the actuator ones.

In the fluid-power field, two different stiffnesses are defined: the closed-loop stiffness denoted K cl and the pneumatic stiffness K pneu . It is crucial to distinguish these two stiffnesses. The closed-loop stiffness is defined by

K cl = - ∂ΣF ∂y
where ΣF is the sum of every force applied on the cylinder rod and y its position. The closed-loop stiffness denotes the electropneumatic actuator ability to reject a disturbance force. In this paper, the electropneumatic actuator is seen as an haptic interface. Since the force F e applied by the user on this interface is not measured, it is seen as a disturbance. So tuning the closed-loop stiffness of this haptic interface in real time improves the haptic rendering of this interface.

On the other hand, due to the air compressibility, a pneumatic stiffness, denoted K pneu , is defined by:

K pneu = k P p S p L p (y) + P n S n L n (y) (2) 
where L p (y) = l 2 + y and L n (y) = l 2 -y where l is the stroke of the rod. This pneumatic stiffness is a state of the electropneumatic actuator [START_REF] Shen | Simultaneous force and stiffness control of a pneumatic actuator[END_REF] and illustrates the global pressurization in both chambers. This state can be controlled in order to optimize air consumption or to reduce air leakage.

In this paper, we present two control laws which can be applied in order to control the closed-loop stiffness of this actuator. Controlling this stiffness allows to simulate different human organ behaviors such as rigid ones (bones) and soft ones (kidney, ...). Indeed, most of the soft tissues in biomedical field are modeled with non constant or nonlinear stiffnesses, this is why real time tuning the closed-loop stiffness of the haptic simulators is needed. These controllers are also suitable for a medical simulator when the haptic interface is linked to a complex simulation model with numerous deformable objects. Indeed, in this case, the simulation software which has to compute the reference forces (or/and position) for the haptic interface, needs time to converge and cannot compute at a high rate. So, the variable closed-loop stiffness autonomously mimics the behavior of a human body during each computation time. In next sections, these two control laws are explained and illustrated with experimental results.

III. CONTROL LAWS

In order to provide a compliant behavior to robots, control strategies can be based on stiffness control [START_REF] Salisbury | Active stiffness control of a manipulator in cartesian coordinates[END_REF], impedance control [START_REF] Hogan | Stable execution of contact tasks using impedance control[END_REF], or hybrid force position control [START_REF] Hayati | Hybrid position/force control of multi-arm cooperating robots[END_REF]. Most of these strategies require a sensor to measure the environment interaction which implies knowing where this interaction will occur. Moreover, these sensors are often expensive and fragile. If force/torque sensors are not used, the actuators have to be backdrivable. This is why pneumatic actuators can be used. To control the position and the stiffness of those actuators, two control strategies can be considered: impedance control and backstepping with A-T transform. They are detailed in next subsections.

A. Impedance controller

The impedance control law (see Fig. 3) is quite well known in robotic systems. It is often used for electrical actuators but it can also be adapted for pneumatic actuators. It consists of two nested loops. The (blue) inner one is a force control loop and the (green) outer one is an impedance control loop which allows the closedloop stiffness and damping to be tuned. The latter loop can be considered as a state feedback loop.

Based on an impedance control architecture, several control laws can be synthesized. The force controller, shown in Fig. 3 could be a proportional control law such as in [START_REF] Bobrow | Modeling, identification, and control of a pneumatically actuated, force controllable robot[END_REF] but for better accuracy, a nonlinear control law has been implemented. This specific control law is based on the backstepping method [START_REF] Taheri | Force and stiffness backstepping-sliding mode controller for pneumatic cylinders[END_REF].

B. A-T Transform and Backstepping position controller

This second control law (see Fig. 4) drives both the actuator position and the pneumatic stiffness. In [START_REF] Abry | Non-linear position control of a pneumatic actuator with closed-loop stiffness and damping tuning[END_REF], authors show that it is possible to link the gain tuning of the control law to the actuator closed-loop stiffness. Using the A-T transform, it is possible to control two virtual flow rates: the active mass flow rate, denoted q mA , and the pressurization mass flow rate q mT . These latter are linked respectively to the pneumatic effort F pneu and the pneumatic stiffness K pneu . F pneu corresponds to the pressure difference in both chambers:

F pneu = P p S p -P n S n ( 3 
)
The A-T transform can be written as:

q mA q mT = l 2    1 L p (y) - 1 L n (y) 1 L p (y) 1 L n (y)    q mp q mn (4)
The state model of the cylinder introduced in (1) can be modified to include F pneu and K pneu . A new state model can thus be written as:

                           dy dt = ẏ d ẏ dt = 1 M (F pneu -F pext -F st -b ẏ) Ḟpneu = B 1 q mA -ẏK pneu Kpneu = A 1 y ẏK pneu -A 2 ẏF pneu -B 2 yq mA +B 3 q mT L p (y)L n (y) (5) 
where

A 1 = 2(k + 1) A 2 = k(k + 1) B 1 = 2krT a l B 2 = 2k 2 rT a l B 3 = k 2 rT a
The backstepping control law provides the two desired virtual flow rates q mA and q mT and ensures the system stability. q mA allows to track a desired position y d whereas q mT allows to track a desired pneumatic stiffness trajectory K pneud . The inverse of the A-T transform deduces from q mA and q mT the mass flow rates q mp and q mn to send into each chamber. The expressions of q mA and q mT derived from the backstepping method are: 

q mA = f 0 + f 1 z 1 + f 2 z 2 + f 3 z 3 + f 3 z 4 + f 4 z 3i (6) 
q mT = ẏA 2 F pneu + L n L p ( Kpneud -C 4 z 4 ) B 3 + -y ẏA 1 K pneu + B 2 yq mA B 3 (7) 
with:

               z 1 = y -y d z 2 = ẏ -ẏd + C 1 z 1 z 3 = F pneu -F pneu d z 3i = z 3 dt F pneu d = M (ÿ d -(C 1 + C 2 )z 2 + (C 2 1 -1)z 1 ) + b ẏ z 4 = K pneu -K pneu d (8) In these equations, f 1 = f 1 (C 1 , C 2 ), f 2 = f 2 (C 1 , C 2 ), f 3 = f 3 (C 1 , C 2 , C
3 ), and f 4 = f 4 (K i ). The values chosen for gains C 1 , C 2 , C 3 , C 4 , and K i allow to regulate the system behavior. The gain tuning strategy presented in [START_REF] Abry | Non-linear position control of a pneumatic actuator with closed-loop stiffness and damping tuning[END_REF] is deduced from the equations:

K cl = - dΣF dz 1 = - d(F pneu d -b ẏ) dz 1 = M (C 1 C 2 + 1) B cl = - dΣF d( ẏ -ẏd ) = - d(F pneu d -b ẏ) d( ẏ -ẏd ) = M (C 1 + C 2 ) (9) 
Then by inverting (9), C 1 and C 2 gains can be computed to obtain a desired closed-loop stiffness and damping for the system. We can thus control independently the closed-loop stiffness K cl and the pneumatic stiffness K pneu .

C. From the desired mass flow rate to servovalve reference voltage

As explained earlier, the pneumatic stiffness is a state of the system which illustrates the global pressurization in both chambers. Yet, this state control is not necessary to obtain a good haptic rendering. As a matter of fact, to make this rendering dynamic, one has to control the closed-loop stiffness (which illustrates the actuator ability to react to the force applied by the user). In conclusion, to reproduce the haptic rendering of human tissues, the position tracking and the closed-loop stiffness tuning are sufficient.

Position Backstepping

Controller Inv( 9), ( 6) and ( 7) With both controllers presented previously, two desired mass flow rates q mA and q mT are computed. Then, if the cylinder is supplied by two independent servovalves, with the inverse A-T transform, the mass flow rates which should enter each chamber can be deduced. Thus, the voltage to apply on each servovalves can be computed with an interpolation on a servovalve characterization (as shown in Fig. 5). However, as the servovalves are expensive components and the pneumatic stiffness control is not necessary for this application, we chose to supply the pneumatic actuator with only one 5/2 servovalve. Consequently a desired mass flow rate q mA to servovalve voltage u algorithm was required.

qmA, qmT qmp, qmn

In order to control the position and the closed loop stiffness, only the mass flow rate q mA is needed. To compute the servovalve command voltage from the desired mass flow rate q mA , an algorithm based on interpolations on the servovalve characterization has been developed. The first part of this algorithm consist in interpolating, from the chambers pressure measurements and the characterization shown in Fig. 5, two functions qmp,Pp (u) and qmn,Pn (u). These functions denote the mass flow rate entering the chambers for the operating pressures and depend on the voltage applied to the servovalve. Then with the measured position, the active mass flow rate of the operating point depending on the voltage can be computed:

qmA,Pp,Pn (u) = l 2    qmp,Pp (u) l 2 + y - qmn,Pn (u) l 2 -y    (10) 
Finally, as the function obtained in ( 10) is strictly monotonic, it can be inverted to deduce a reference voltage from a desired active mass flow rate. It has to be noticed that when the cylinder is supplied by only one servovalve, q mT is not controlled but can be computed as follows:

qmT = l 2    qmp,Pp (u) l 2 + y + qmn,Pn (u) l 2 -y    (11) 
with u the voltage reference computed previously.

IV. EXPERIMENTAL RESULTS

In order to evaluate the performances of the previous controllers, two experiments have been carried out. The first one illustrates the closed-loop stiffness tuning of controllers. Indeed, a constant position reference is set and disturbance loads are applied to the cylinder for various closed-loop stiffness values. The second experiment shows the performance in position tracking. Thus, a sinusoidal position reference is applied in order to see tracking errors of the electropneumatic actuator with each controller.

A. Closed-loop stiffness tuning

Fig. 6a shows the disturbance force applied on the cylinder rod and the sets of the closed-loop stiffness for the test with impedance controller. Fig. 6b shows the electropneumatic actuator response to these disturbances where y d is the desired position, y is the measured position and y k is computed to show the expected position of the cylinder when a disturbance is applied. It corresponds to

y k = y d + F e K cl ( 12 
)
These figures show that the closed-loop stiffness is generally respected. It can be noticed that with this impedance controller when the disturbance load is released, an overshoot occurred, even when the closedloop damping ratio was greater than 1. The higher the closed-loop stiffness is set, the smaller the overshoot appears. This overshoot can be reduced by tuning the backstepping force controller gain, but it reduces the performance of the global impedance controller. Fig. 7 shows the results for the same experiment performed with the backstepping position controller with closed-loop stiffness tuning. It can be noticed that for this second controller, the overshoot when the disturbance is released is the same for the three closed-loop stiffnesses. This overshoot is smaller with the backstepping position controller than with the impedance controller. On the other hand the settling time when the disturbance is applied is longer with the backstepping position controller than with the impedance controller. This phenomenon is clearly visible for higher stiffnesses with a 5 N disturbance force. Table III shows the relative errors of stiffness for both controllers. In this table, K cl is the closedloop stiffness set, F e is the disturbance force applied on the electropneumatic actuator, ∆y is the displacement due to the disturbance, K clm is the computed closedloop stiffness and E K cl is the relative error of stiffness. Generally, the performances of the stiffness tuning of the two controllers are close. However, the performances of the backstepping position controller can be improved by reducing the settling time. To do so, C 3 and K i gains of the backstepping position control law have to be tuned differently, but it may introduce some oscillations. Finally, by comparing the input voltage of the servovalve for each controller, it can be concluded that the backstepping position produces much more chattering 

B. Position tracking

In the second experiment, the position reference is defined as y d = 0.02 cos(2πt) and no disturbance is applied. Fig. 8a and Fig. 8b show the position tracking performances of each controller for a closed-loop set at 1000 N/m and 3000 N/m respectively. Fig. 9 depicts the absolute errors for these two experiments.

From these figures, it appears clearly that the backstepping position controller performs a better position tracking. For both controllers, increasing the closed-loop stiffness improves the tracking performance. It has to be noticed that between the experiments presented in section IV-A and IV-B, C 3 and K i gains have been modified. Indeed, increasing these gains allows the closed-loop stiffness to be tuned on a wider range but may introduce some instabilities in the position tracking. C 3 and K i gains have to be tuned by considering the expected performances.

V. CONCLUSIONS AND FUTURE WORKS

Two controllers for an electropneumatic actuator have been presented. The first one is an impedance controller built over a backstepping force control inner loop. The second one is made of a backstepping position loop with a gain tuning strategy which allows the closed-loop stiffness and damping of the system to be modified online. These controllers are suitable when the actuator is as an haptic interface. Indeed, they allow the closedloop stiffness and damping to be tuned in real time, in order to simulate the contact of a surgical tool with human tissues or organs, for instance. Both controllers have been implemented and tested on an experimental bench. The results show that the impedance controller provides better performances for closed-loop stiffness tuning, whereas the backstepping position controller is more accurate for position tracking. In a near future, these two controllers will be implemented in two haptic medical simulators featuring electropneumatic actuators. The stiffness tuning of these simulators will improve the haptic rendering of the soft tissues behavior. 
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 67 Fig. 6: Closed-loop stiffness tuning with the impedance controller
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 81 Fig.8:1 Hz sinusoidal trajectory tracking with green curves referring to impedance controller (y cimp ) and the red ones to backstepping position controller (y bspos ).
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 91 Fig. 9: 1 Hz sinusoidal trajectory tracking error with green curves referring to impedance controller (E ycimp ) and the red ones to backstepping position controller (E ybspos ).

TABLE I :

 I Main characteristics of the cylinder Airpel M16D100D

		Parameters	Value	Unit
			Bore	16	mm
		Stroke	100	mm
		Piston diameter	5	mm
		Max pressure	700	kPa
	Min Pressure differential required for actuation	< 1.5	kPa
		Maximum force	110	N
	Piston friction as % of load	1-2	%
	The position of the piston inside the chamber is mea-
	sured by a 2000 DC-EC LVDT sensor. The pressures
	inside chambers p and n are measured with a U5100
	sensor. All these sensors are developed and provided by
	TE Connectivity Company. The cylinder is supplied by a
	Festo R MPYE-5-M5-010-B proportional servovalve. A
	dSPACE R 1104 control board acquires in real time sen-
	sor signals and generates the servovalve control signals.
	The code is generated with Matlab/Simulink R which
	is suitable for control prototyping. A schematic of the
	system is shown in Fig. 2.
		Pressure		Pressure
		sensor	y	sensor
		P p		P n	M
		V p		V n	Position sensor
	q mp			q mn
				y
	u	dSPACE	P p P n

TABLE II :

 II Model parameters

	Symbol	Description	Unit
	y	Piston position	m
	ẏ	Piston velocity	m/s
	M	load mass	kg
	Sp	Chamber P section area	m 2
	Sn	Chamber N section area	m 2
	Pp	Pressure inside chamber P	Pa
	Pn	Pressure inside chamber N	Pa
	b	Viscous friction coefficient	N.s/m
	Fst	Stiction force	N
	Fpext	Force applied by the atmospheric pres-sure on the cylinder piston 2	N
	r	Perfect gas constant	J/(kg.K)
	Ta	Temperature of the supply air	K
	Vp(y)	Chamber P volume at position y	m 3
	Vn(y)	Chamber N volume at position y	m 3
	qmp	Mass flow rate entering the chamber P	kg/s
	qmn	Mass flow rate entering the chamber N	kg/s

TABLE III :

 III Relative stiffness error

	Impedance controller	K cl [N/m] Fe [N] ∆y [mm] K clm [N/m] 1126 1000 5 4,44 9,55 9,1 953 EK cl [%] 12,6 -4,7 K cl [N/m] 3000 Fe [N] 5,2 9,6 ∆y [mm] 2,06 2,95 K clm [N/m] 2524 3254	2000 2,54 5 4,86 9,4 1969 1934 -1,6 -3,3 4000 5 10,5 1,38 3,13 3623 3355
		EK cl [%]	-15,9	8,5	-9,4	-16,1
		K cl [N/m]	1000	2000
	Position controller	Fe [N] ∆y [mm] K clm [N/m] 1000 3,3 3,3 EK cl [%] 0 K cl [N/m] 3000 10,22 9,1 890 -11,0 Fe [N] 5,2 10,1 ∆y [mm] 2,54 3,46 K clm [N/m] 2047 2919	5 2,47 2024 2000 9,1 4,54 1,2 0,2 4000 5 9,6 1,89 2,72 2645 3529
		EK cl [%]	-31,8	-2,7	-33,9 -11,8
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