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for simultaneous 3‑axis translational motion 
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operation
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Abstract 

The present study proposes an advanced force display control system for a surgical training simulator with virtual real-
ity. In oral and orthopedic surgeries, a surgeon uses a chisel and mallet for chiseling and cutting hard tissue. To enable 
the representation of force sensation for the chiseling operation in a virtual training simulator, the force display device 
has been constructed with the ball-screw mechanism to obtain high stiffness. In addition, two-degrees-of-freedom 
(2DOF) admittance control has been used to react instantaneously to the impactive force caused by pounding with 
the mallet. The virtual chiseling operation was realized by the force display device with a single axis in the previous 
studies. In the current study, we propose the design procedure for the force display control system with the 2DOF 
admittance control approach to virtual operation in three-dimensional space. Furthermore, we propose the design 
method for the PD controller with imperfect derivative using frequency characteristics for the 2DOF admittance con-
trol system. The efficacy of the proposed control system is verified through the virtual experience from manipulating 
the chisel using the developed force display device in the current study.
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Introduction
Surgical training simulators enhanced by virtual real-
ity have been developed to enable surgeons to efficiently 
acquire and improve their surgical skills. The virtualized 
environment is created by vision, hearing and force sen-
sory immersion so that the surgeons can practice surgi-
cal procedures repeatedly and safely with high realistic 
sensation [1–6]. In virtual training systems for soft tissue 
such as the brain [7], organs and so on [8–10], force dis-
play devices have used either the serial link mechanism 
[11–14] or the parallel mechanism [15–18]. These force 

display devices allow for increased responsiveness by 
lightening the moving parts, resulting in a precise sensa-
tion of contact with the soft tissue.

In oral and orthopedic surgeries, surgeons operate 
hard tissue such as bone and tooth using a drill, saw 
and so on. Virtual training simulators for operating 
with the drill [19–21] or saw [22–24] have been pro-
posed in previous studies. Large operational forces are 
applied to the force display device. It is difficult to with-
stand such large operational forces in the force display 
devices of the training simulator for the soft tissue. Spe-
cifically, in surgical operation using a chisel and mallet, 
large impactive forces are applied for cutting and excis-
ing pieces of bones. Therefore, the force display device 
used the surgical operation of hard tissue has required 
high stiffness to withstand the impactive force. Further-
more, high responsiveness is also demanded to react 
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instantaneously to the operational impactive force for 
representing the hard contact sensation.

In our previous studies [25, 26], the force display 
device was constructed using the ball-screw mecha-
nism to achieve high stiffness, and the two-degree-of-
freedom (2DOF) admittance control was proposed so 
that the device can react instantaneously to the impac-
tive forces. It was verified that the reaction force by 
employing the 2DOF admittance control could pre-
cisely display the output of a virtual model.

In another previous study [27], the virtual model was 
designed to represent the chiseling operation with high 
realistic sensation by pounding with the mallet. This 
model was consisted of the spring-mass-damper system 
with the moving equilibrium point. The parameters in 
the virtual model were identified by comparing the real 
chiseling operation to the operational force detected 
by a force sensor. The efficacy of the 2DOF admittance 
control system used in the proposed virtual model was 
verified by subjective evaluation through the virtual 
experience to chisel the hard tissue. However, in these 
previous studies, the control systems for displaying the 
reaction force were designed only for the motion on a 
single axis. The force display control system should be 
extended to the motion in three-dimensional space. 
When contacting the hard tissue with a small operating 
force, the tip of the chisel can be moved to the surface 
of the hard tissue. On the other hand, it is difficult to 
move the tip of the chisel to different directions from 
the stabbing direction when stabbing the chisel to the 
hard tissue with a large operating force. As seen above, 
the motion of the chisel can be constrained depending 
on the situations in three-dimensional space.

Furthermore,  the feedback controller in the 2DOF 
admittance control system was designed by the PD 
controller with imperfect derivative. However, the 
parameters in the PD controller were derived by the 
empirical rule. It is necessary to derive the parameters 
systematically.

In this study, the design method for the force dis-
play control system with the 2DOF admittance con-
trol approach to the virtual chiseling operation in 
three-dimensional space is proposed. In the proposed 
approach, the virtual model for representing the force 
sensation is constructed for three situations of manip-
ulating the chisel in the air, contacting the hard tis-
sue, and stabbing into the hard tissue. Furthermore, 
the design procedure for the parameters in the PD 
controller with imperfect derivative using frequency 
characteristics is also proposed for designing system-
atically the feedback controller with increasing a high-
frequency gain and suppressing the vibrational motion. 
The efficacy of the proposed control system is verified 

through the virtual experience manipulating the force 
display device.

Methods
Force display device
Figure 1 shows an illustration of the force display device 
in the virtual surgical simulator used in the current study. 
Figure 2 shows the skeleton diagram of this force display 
device. This notation of the diagram is referred in [28]. 
This device has 5DOF motion, and the chisel as the end 
effector can move in the x-, y- and z-directions and rotate 
in the φy - and φz-directions. The chiseling translational 

x
y z

Fig. 1  Force display device for surgical training simulator with 
chiseling operation

x y

z

Fig. 2  Skeleton diagram of force display device for surgical training 
simulator



Page 3 of 16Masuyama et al. Robomech J            (2021) 8:21 	

motions in the force display device are realized using the 
ball-screw mechanism (THK, SKR46). In the force dis-
play device, the ball-screw mechanism as a translational 
mechanism is located on the bottom as shown in Fig. 2. 
This mechanism whose allowable moment in the linear 
table is 579 Nm has more than enough stiffness to resist 
the maximum impactive force. The rotational mechanism 
is located on the edge of the device for reducing the load 
to it. The torque-loaded components in the rotational 
mechanism are designed to withstand the impactive 
force. These can be maintained with the deflection of less 
than 1 mm. The rotational mechanism is fixed rigidly to 
the linear table of the ball-screw mechanism. Therefore, 
the total stiffness of the force display device is enough to 
the maximum impactive force.

Table  1 shows the specifications of the force display 
device. In the previous studies, it was clarified that the 
cutting force by scratch using the tool bit [29, 30] and 
by drill [31, 32] were less than 100 N. However, the chis-
eling force using to the hard tissue is not sure in previous 
studies. In the preliminary experiments, we measured 
the chiseling force using a force plate. As the results, 
the maximum chiseling force was from 30 to 70 N. We 
designed the force display device which can withstand 
the maximum impactive force, 100 N.

The previous study [33] showed that the maximum 
tangential velocities of human arm were from 0.7 to 1.3 
m/s. However, it is difficult to realize both of high-speed 
motion and large displayed force in the force display 
device. Therefore, we set the requirement of the maxi-
mum velocity to over 0.7 m/s in this study.

The servomotors installed into the ball-screw mecha-
nism are MAXON EC45 on each axis. The servomotors 
using to the rotational mechanism are EC60flat in φy -, 
φz-directions. The reduction gears mounted each ser-
vomotor are GP42C (3.5:1) in x- and y-directions, GP62 
110499 (5.2:1) in z-direction, and GP52C (19:1)φy -, φz
-directions, respectively. These specifications of the force 
display device satisfy to create realistic surgical sensa-
tions when using the chisel.

A six-axis force sensor (Leptrino, 080YA501) is 
installed at the bottom of the rotational mechanism. The 
rated capacities of measurable force and torque are 500 N 
and 20 Nm on each axis, respectively. The resolutions 
of those are 0.125 N and 0.005 Nm, respectively. There-
fore, the impactive force applied to the end effector by 
an operator can be measured by the force sensor. And, it 

Table 1  Specifications of force display device

Translational motion Rotational motion

Display force Max. 100 N Max. 5.49 Nm

Velocity Max. 0.76 m/s Max. 1181 deg/s

Distance or angle 290 mm 65 deg

Fig. 3  Block diagram of 2DOF admittance control

Table 2  Parameters on drive system

Direction Tm / ms Km

x-axis 4.93 1.00

y-axis 4.91 1.00

z-axis 5.76 1.00
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also enables to measure suitably the operational force to a 
lightweight object such as a chisel.

Force display control system
To create the force sensory immersion with high realistic 
sensation, the motion of the drive system requires pre-
cise tracking of the output of the virtual model. However, 
if the conventional admittance control, which consists 
of only feedback control, is applied to the force display 
device, the responsiveness of the force display device 
with the ball-screw mechanism used in the current study 
can be reduced by increasing the mass of moving parts.

Therefore, the 2DOF admittance control extended 
from the traditional admittance control system to 2DOF 
control approach by combining the feedforward and 
feedback controls [34] is applied to the drive system for 
instantaneously reacting and precisely tracking the out-
put of the virtual model. The feedforward controller to 
control input provides instantaneous responsiveness to 
the drive system. And, the feedback controller enhances 
the tracking performance even with disturbance and 
modeling error of the drive system. Figure  3 shows the 

Table 3  Parameters on feedback controllers

Direction α KP TD η

x-axis 1.5 4.7 0.020 0.50

y-axis 1.5 3.7 0.013 0.40

z-axis 1.5 4.0 0.015 0.60

Fig. 4  Design of PD controller with imperfect derivative in frequency 
domain

Fig. 5  Bode diagram of comparison with conventional PD control [27] in y-axis
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2DOF admittance control installed in the force display 
device, where F is the operational force measured by the 
force sensor, u is the input command, xd is the position of 
the tip of the chisel and d is the disturbance. The math-
ematical representations of each block are described in 
the subsections below.

Drive system PD
The velocity feedback control is implemented into the 
servomotor system on each axis. We assumed that the 

3DOF translational motions and the 2DOF rotational 
motions are controlled independently. And, the drive sys-
tems of the translational motion can be represented sim-
ply as

where Tm is the time constant, Km is the gain and i is the 
moving direction. The time constants and the gains in 
the three dimensions are identified as Table 2. The force 
caused by the motion of other axes such as Coriolis force 
is not taken into consideration in this study. Because the 
influence of that force is small due to the small angular 
velocities of chisel motion, and the disturbance can be 
suppressed by the servo drive system.

The servomotors used in the rotational mechanism is 
used to display the reaction torque to rotate the chisel. 
The restraint in the chisel rotation caused by stabbing the 
chisel to the hard tissue and contacting the obstacles in 
the radial direction of the chisel can be realized by dis-
playing the reaction torque. However, in this study, we 
focus on the design of force display control system for 
the translational motion of chisel operation. Therefore, 

(1)ẍdi =
1

Tmi
ẋdi +

Kmi

Tmi
ui, (i = x, y, z),

Table 4  Comparison with gain and break frequency of feedback 
controller in y-axis

Method Gain Break freq.

Low freq. High freq. Low freq. High freq.

dB dB rad/s rad/s

Conv. [27] 11.20 28.94 0.2941 0.7143

Proposed 25.99 51.04 55.56 194.4

Fig. 6  Bode diagram of closed-loop feedback control system from xvy to xdy in y-axis
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we do not discuss the reaction torque display to the chisel 
rotation.

Feedback controller KC
According to the analysis of the 2DOF admittance con-
trol system in the previous study [27], the feedback con-
troller KC needs to increase a high-frequency gain to 
track the output of the virtual model precisely. Therefore, 
the PD control is applied to the feedback controller. Then, 
the derivative term in the PD controller is represented by 
the imperfect differential calculus to suppress the sensor 
noise and the vibrational mode of the device. The transfer 
function of the PD controller can be represented as

where s is the Laplace operator, KP is the proportional 
gain, TD is the derivative time and η is the derivative coef-
ficient. These parameters are configured after the design 
of the feedforward controllers and the virtual model, as 
mentioned later. In the previous studies [27], the PD con-
troller was designed using the empirical rule. In the pre-
sent study, we propose the design procedure for the PD 
controller using the frequency characteristics. The gain 
plot of the PD controller is shown in Fig. 4.

In the design of the PD controller, first, the temporal 
proportional gain K ′

P is increased while the vibrational 
motion in the device is suppressed within the allowed 
amplitude, and the derivative time TD is zero as

(2)
KCi(s) =

Ufbi(s)

Ei(s)

=KPi

(

1+
TDis

ηiTDis + 1

)

, (i = x, y, z),

(3)maxK ′
Pi, (TD = 0, Udi < Uo, i = x, y, z),

where Uo is set as the allowed amplitude of vibrational 
motion in the position of the end effector xd , and Ud is 
the amplitude of the vibrational motion in the position 
of the end effector xd . In the present study, the allowed 
amplitude Uo of the vibrational motion is set as Uo = 1 
mm to have no adverse influence on the operational sen-
sation. To suppress the vibrational motion, which can be 
increased by adding the derivative term, the proper pro-
portional gain KP can be designed as

where α is the reduction factor. The tracking perfor-
mance of the drive system can be decreased by increasing 
the reduction factor α . We recommend a small reduction 
factor from 1 to 2 to maintain tracking performance.

In the next step, the temporal derivative time T ′
D is 

increased while suppressing the vibrational motion 
under the allowed amplitude. Here, the temporal deriv-
ative coefficient is set as η′ = 1/(α − 1) . The break fre-
quency over which the gain is increased is diminished 
by increasing the derivative time. The temporal deriva-
tive time derived in this step is represented as

Finally, the derivative coefficient η is reduced to increase 
the high gain’s range, and the proper derivative time TD 
can be obtained as

(4)KPi =
K ′
Pi

αi
, (αi > 1, i = x, y, z),

(5)max T ′
Di, (η

′
i =

1

αi − 1
, Udi < Uo, i = x, y, z).

Table 5  Cut-off angular frequencies in low-pass filters applied 
on x-, y- and z-axis.

Direction ωf /rad/s

x-axis 23.0

y-axis 6.0

z-axis 3.0

Fig. 7  Operational sensations between chisel and hard tissue

Table 6  Parameters of virtual model on situations

Situation Model parameters Generalized parameters

mv / kg cv / kg/s kv / N/m ωn / rad/s ζ ωc / rad/s K

(a) Contacting har tissue 100 1.2 ×10
4 3.6 ×10

5 (a) 60 1 –  0.01

(b) Manipulating in air 2 20 0 (b) – – 10 0.5
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The derivative time TD varies depending on the derivative 
coefficient η , whereas the low break frequency does not 
vary according to the constraint in Eq. (6). In the present 
study, Table 3 shows the reduction factor α , the propor-
tional gain KP , the derivative time TD and the derivative 
coefficient η.

Figure 5 shows the frequency characteristics of the pro-
posed PD controller. For comparison purpose, we also 
show the PD controller designed using the conventional 

(6)
min ηi,

(TDi =
η′i + 1

ηi + 1
T ′
Di, Udi < Uo, i = x, y, z).

approach [27]. In this figure, the upper and lower graphs 
represent the gain and phase characteristics, respectively. 
The blue and red lines represent the characteristics of the 
conventional and proposed PD controllers, respectively. 
The low- and high-frequency gains and these break fre-
quencies are shown in Table 4.

Figure  6 shows the closed-loop characteristics of the 
feedback control systems from xvy to xdy in the frequency 
domain. The arrangement of graphs is the same as in 
Fig. 5. The blue and red lines represent the characteristics 
of the conventional PD control and proposed PD con-
trol, respectively. The proposed PD control system has a 
higher high-frequency than the conventional PD control 
system. Therefore, the responsiveness of the drive system 
to the impactive force can be improved by the proposed 
PD control system.

In the design procedure of the proposed PD controller, 
the allowed amplitude of the vibrational motion is given 
as the boundary condition for suppressing the vibrational 
motion within 1 mm. Thus, it is difficult to increase the 
high frequency gain or decrease the low break frequency 
to the proposed PD controller as shown in Table  4. On 

Fig. 8  Switch conditions for parameters of virtual model

Fig. 9  Block diagram of conventional admittance control
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the basis of these results, we confirmed that the param-
eters in the proposed PD control were designed appro-
priately for tracking precisely the output of the virtual 
model and suppressing the vibrational motion.

Feedforward controller as reference input,PV
The feedforward controller as the reference input to the 
feedback control system is constructed with the proper 
virtual model PV  to create the appropriate chiseling envi-
ronment. The virtual model PV  , which is the source of 
the force representation for creating the operational sen-
sation, represents the dynamics relationship between the 
operational force and the tip position of the chisel. The 
dynamics of the virtual model is represented as

where xv is the position of the tip of the chisel in the 
virtual model, z is the equilibrium point and g is the 
gravitational acceleration. The model parameters mv , 
cv and kv are the mass, viscosity coefficient and spring 

(7)
mviẍvi + cviẋvi + kvi(xvi − zi) = Fi +mviγ gi, (i = x, y, z),

constant in the virtual model, which are represented as 
the spring-mass-damper system, respectively. The design 
procedure of these model parameters mv , cv and kv is 
described in the next section. The gravitational accelera-
tion is gx = −9.8 m/s2 in the x-axis, and other axes are 
gy, gz = 0 m/s2 . However, the addition of pure gravita-
tional acceleration in the virtual model causes the over-
load of the motor in the force display device. Therefore, 
the safety coefficient γ is multiplied by the gravitational 
acceleration g. In the present study, the safety coefficient 
is set as γ = 0.2 . The equilibrium point in the x-axis is set 
as zx = 0 m.

Feedforward controller to control input, LFP̃VP−1

D

The feedforward controller added to the control input 
of the feedback control system is constructed with the 
pseudo virtual model P̃V  , the low-pass filter LF and the 
inverse model P−1

D  of the drive system to improve the 
responsiveness of the force display system. The low-pass 

Fig. 10  Experimental results using admittance control in y-axis
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filter LF is applied in front of the pseudo virtual model to 
suppress the sensor noise and is represented as

where Fv is the modified operational force through the 
low-pass filter. The low-pass filter parameter, ωf  is equal 
to the cut-off angular frequency. Table 5 shows the cut-
off angular frequency in the filter applied to the control 
system on each axis. The low-pass filter was designed 
by making the cut-off angular frequency increase while 
the amplitude of the vibrational motion is suppressed 
with less than 1mm for reducing the signal loss of the 
measured forces adding to the pseudo virtual model 
and suppressing the vibrational motion. Therefore, the 
parameters in the low-pass filters were designed appro-
priately for getting better responsiveness of the force dis-
play device.

The pseudo virtual model P̃V  in the feedforward con-
troller to the control input is designed as

(8)Ḟvi = −ωfiFvi + ωfiFi, (i = x, y, z),

(9)mviẍvi + cviẋvi = Fvi +mviγ gi, (i = x, y, z).

Since the feedforward controller to the control input is 
used to improve the responsiveness of the drive system 
and is required to avoid worsening the contact sensation 
on the hard tissue, the spring term has been removed 
from the virtual model PV .

The inverse model of the drive system P−1
D  is imple-

mented to suppress the response lag by the drive system, 
and is represented as the inverse of Eq. (1).

Parameters design of virtual model
Design of virtual model’s parameters on situations
To represent the operational sensations such as the con-
tact with the hard tissue and manipulation of the chisel 
freely in the air, the model parameters mv , kv and cv in 
the virtual model can be varied in according to the situa-
tions. In the situation which the chisel is in contact with 
the hard tissue, the model parameters can be derived by 
transforming the virtual model of Eq. (7) to the general-
ized form as

(10)
ẍvi + 2ζiωniẋvi + ω2

nixvi = KiFi + γ gi + ω2
nizi, (i = x, y, z),

Fig. 11  Experimental results using 2DOF admittance control in y-axis
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where

ωn is the natural angular frequency, ζ is the damping ratio 
and K is the gain of the virtual model. The damping ratio 
is given as ζ =1 to suppress the vibration. To represent the 
situation in which there is contact with the hard tissue in 
the virtual model, the gain K is minified, and the natural 
angular frequency ωn is increased while they are required 
to satisfy Udi < Uo to suppress the vibrational motion.

In the situation where the chisel is manipulated in the 
air, the spring term is not required. Therefore, the virtual 
model can be represented as a first-order lag system with 
the integrator as

where

(11)ωni =

√

kvi

mvi
, ζi =

cvi

2
√
mvikvi

, Ki =
1

mvi
,

(12)ẍvi + ωciẋvi = KiFi + γ gi, (i = x, y, z),

To represent the situation where the chisel is manipu-
lated in the air, the gain K is increased, and the cut-off 
angular frequency ωc is decreased while satisfying 
Udi < Uo to suppress the vibrational motion.

In the current study, we designed the virtual model’s 
parameters for each situation, as shown in Table 6. The 
rows (a) and (b) in Table  6 show the model parameters 
for representing the situations of having contact with 

(13)ωci =
cvi

mvi
, Ki =

1

mvi
.

Fig. 12  Experimental results using admittance control in z-axis

Table 7  Maximum absolute errors of positions between virtual 
model and drive system

Admittance control 2DOF Admittance control

Direction Conv. PD [27] Proposed PD

x-axis 4.11 mm – 1.70 mm

y-axis 21.4 mm 17.7 mm 12.1 mm

z-axis 34.0 mm – 16.7 mm
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the hard tissue and manipulating the chisel in the air, 
respectively.

Switch of virtual model’s parameters with changing situation
The model parameters represented in previous subsec-
tion are switched depending on the situation as shown in 
Fig. 7. The switch conditions of the model parameters for 
manipulating the chisel in the air and having contact with 
the hard tissue are designed independently of the trans-
lational motion of the three axes. On the other hand, to 
represent the situation of stabbing the tip of the chisel to 
the hard tissue when large operational force is applied, 
the virtual model is needed to design according to the 
motion of three-dimensional space. In the current study, 
we proposed the design procedure that enables the vir-
tual model to represent the free manipulation sensation, 
contact sensation, stabbing sensation and pulling sensa-
tion created by an up-down motion.

The contact sensation on the hard tissue is created 
by switching the model parameters from (b) to (a) on 
each axis when small operational force is applied. In 
the situation where the operational force in the contact 

direction is larger than the threshold value Fs1 , the 
stabbing sensation is created by switching the model 
parameters from (b) to (a) in all axes to represent the 
restrained situation. The pulling sensation is created by 
switching the model parameters from (a) to (b) when 
the operational force to the opposite direction is larger 
than the threshold value Fs2 . Figure  8 shows these 
switching conditions of the model parameters, where Fv 
is the modified operational force through the low-pass 
filter LF  . The boolean variable, n = true , indicates that 
the tip of the chisel is stabbing the hard tissue.

In the present study, the angle of the chisel is not 
considered during switching for the stabbing sensa-
tion, and the threshold values are set as Fs1 = 20 N and 
Fs2 = 10 N.

Experimental results
Comparison between force display control methods
The efficacy of the proposed 2DOF admittance control 
applied on each axis is verified by comparing it with the 
conventional admittance control [27]. Figure  9 shows 

Fig. 13  Experimental results using 2DOF admittance control in z-axis



Page 12 of 16Masuyama et al. Robomech J            (2021) 8:21 

the block diagram of the conventional admittance con-
trol. The cut-off angular frequency ωf  of the low-pass 
filter for suppressing the vibrational motion is obtained, 
as shown in Table 5 on each axis. To confirm the repre-
sentation of the output of the virtual model, we evalu-
ate the error between the outputs of the proper virtual 
model PV  and the movement of the chisel through the 
drive system PD.

Figure  10 shows the experimental results using the 
conventional admittance control for the movement sen-
sation in the air and the contact sensation in the y-axis, 
where (a) shows the operational force measured by the 
force sensor, (b) is the input command to the drive sys-
tem, (c) and (e) are the velocity and the position of the 
tip of the chisel, respectively, and (d) and (f ) are the 
absolute error of the velocity and the position between 
the virtual model and the drive system, respectively. In 
the free horizontal manipulation of the chisel using the 
conventional control approach, the maximum abso-
lute error of the position is 0.021 m. Figure  11 shows 
the experimental results using the proposed 2DOF 

admittance control in the y-axis. The graphs in Fig. 11 
have the same arrangement as those in Fig.  10. The 
absolute error of the position is less than 0.012 m.

Figures  12 and 13 show similar experimental results 
on the z-axis, whereas Figs.  14 and 15 show similar 
experimental results on the x-axis. Therefore, the pro-
posed control system improved the realization of the 
virtual model for the free manipulation and the contact 
sensation.

Comparison between feedback controllers in 2DOF 
admittance control system
The tracking performance of the 2DOF admittance con-
trol with the conventional PD control [27] was compared 
with that of the proposed PD control using the chisel 
manipulation with the force display device. Figure  16 
shows the experimental results by the force display device 
implementing the 2DOF admittance control with the 
conventional PD control; this figure is the results of the 
chisel motion on the y-axis. The chisel was manipulated, 
as described in the previous subsection. Therefore, we 

Fig. 14  Experimental results using admittance control in x-axis
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refer to Fig. 11 for the experimental results of the 2DOF 
admittance control system with the proposed PD control.

Figures 11f and 16f show that the tracking error of the 
conventional PD control is larger than that of the pro-
posed PD control. Therefore, the force display device 
implementing the 2DOF admittance control with the 
proposed PD control can precisely represent the output 
of the virtual model.

Stabbing sensation
Figure 17 shows the experimental results of the stabbing 
operation using the proposed 2DOF admittance control. 
Graphs (a), (b) and (c) show the operational forces for 
operating the chisel on the x-, y- and z-axes, respectively. 
From 1.7 to 4 s, the tip of the chisel is in soft contact with 
the virtual object and can slide on the horizontal plane. 
From 5 to 7 s, the tip of the chisel is stabbing into the vir-
tual object. In this situation, the operational force Fvz is 
less than the threshold force −Fs1 . Therefore, it is difficult 
to slide the tip of the chisel on the horizontal plane. After 

7.5 s, the pulling sensation is created by the upward force 
exceeding the threshold force Fs2 , and the chisel can be 
moved freely. It is confirmed that the proposed control 
system enables the representation of the stabbing and 
pulling sensations.

Discussion
Table 7 shows the maximum absolute errors of positions 
between the virtual model and the drive system in the 
conventional and proposed controls on each axis. The 
column of 2DOF admittance control shows the results of 
applying the conventional [27] and proposed PD control-
lers to the feedback control. As seen from Table  7 , we 
confirmed that the tracking error of the chisel movement 
to the proper virtual model in the 2DOF admittance 
control with PD controller designed by the proposed 
approach is down by nearly half to that in the conven-
tional admittance control. And, we could obtain the bet-
ter tracking performance by designing systematically the 
PD controller with imperfect derivative. Therefore, the 
virtual chiseling experience by the force display device 

Fig. 15  Experimental results using 2DOF admittance control in x-axis
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could be improved by the proposed approach. Moreover, 
the gentle contact, stabbing and pulling sensations of the 
chiseling operation in three-dimensional space could be 
created by the proposed virtual model.

However, the tracking error of the drive system to the 
output of the virtual model is large in the situation of 
chisel manipulation in the air. Thus, the operator feels 
slightly heavy to manipulate the chisel in the air. A higher 
response will be required by the admittance control sys-
tem to track precisely the output virtual model.

Conclusion
To virtualize the chiseling operation in the surgical train-
ing simulator in which the chisel can be used three-
dimensionally, we proposed the force display device with 
the 2DOF admittance control system. The following con-
clusions are drawn from the study: 

1	 In the design of the feedback controller in the 2DOF 
admittance control system, the PD controller with 
imperfect derivative was designed systematically 

according to the frequency domain. The responsive-
ness of the drive system in the force display device 
can be improved by increasing the controller’s the 
high frequency gain, whereas the vibrational motion 
in the force display device is suppressed within the 
allowed amplitude.

2	 We proposed the virtual model of the chiseling 
operation in three-dimensional space that can rep-
resent the three situations of chisel manipulation in 
the air, contact with the hard tissue and stabbing into 
the hard tissue. Specifically, the stabbing situation in 
the proposed virtual model can represent that it is 
restrained to slide the chisel in the orthogonal direc-
tion to the stabbing motion.

3	 In the experiments using the force display device, 
it was verified that the tracking performance of the 
drive system can be improved by the proposed 2DOF 
admittance control system implementing the PD 
controller with imperfect derivative. In addition, the 
soft contact, stabbing and pulling sensations of the 

Fig. 16  Experimental results using 2DOF admittance control applied conventional PD control [27] in y-axis
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chiseling operation were created by the developed 
force display device.

In the current study, we developed the force display 
device for the translational chiseling operation. In 
future works, the rotational motion in the chiseling 
operation will be incorporated in the force display 
device. And, it is required to verify that the Corio-
lis force caused by the integration of translational and 
rotational motions can be influenced in the operational 
sensation.

Furthermore, to develop the surgical training simulator 
with high realistic sensation, it is necessary to improve 
the responsiveness of the drive system with respect to the 
force display mechanism and the control strategy.
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