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Abstract. Robot-assisted surgical systems offer significant advantages
in bone resection procedures, increasing accuracy and minimizing risk
to surrounding anatomical structures. This work presents an innovative
control framework integrating robot hand guidance and high-speed burr
navigation to improve precision and efficiency in spinal surgery. A task
space control algorithm is implemented for accurate positioning of the
tool center point (TCP) within the surgical navigation frame. Safe resec-
tion areas are encoded as dynamic workspace constraints for the robot,
and employed for the first time, to our knowledge, in the context of
impedance control. Two control strategies are employed: one neglect-
ing external torques, the other compensating for them. Our approach is
based on exploiting the redundancies of the robot, ensuring constrained
motion within the safe surgical workspace. Experimental validation, im-
plemented on a KUKA LBR Med robot, shows improved accuracy, re-
duced surgical procedure time, and lower cognitive load for surgeons.

Keywords: Impedance Control, Saturation in Cartesian Space, Satura-
tion in Joint Space, Null-Space Projection, Robot-assisted surgery.
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The spinal column provides structural
support for the body while protect-
ing the spinal canal. Treating condi-
tions such as spinal tumors, herni-
ated discs, and spinal canal stenosis
often requires surgical intervention. Fig. 1a : Vertebra Fig. 1b : Lamino-
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framework to assist experienced surgeons in performing robotics-aided bone
resection procedures, such as laminotomy. This is a minimally invasive spinal
surgery that involves the partial removal of the lamina of a vertebra (see Fig. 1a).
During the surgery, a small incision is made over the affected spinal segment, and
the lamina is exposed. A portion of the lamina is then removed (see Fig. 1b) to
decompress the nerves [9]-[6]. In this context, we implement a control procedure
that ensures the surgeon can handguide the robot end-effector (EE) while oper-
ating within predefined spatial boundaries — an essential feature in the context
of safety critical surgical areas as in laminotomy — enhancing surgery precision.
We define a hierarchical control framework based on the Saturation in the Null-
Space (SNS) method [2], tested in the context of robotic-assisted spinal surgery.
In the context at hand, several tasks have to be executed in the in a precise
priority order [4]: Joint limits avoidance, Elbow constraints (for optimal
performance, it is constrained within a predefined box), TCP constraints (to
avoid damages to tissues, it is constrained within a safe site), Cartesian task
execution (hand-guiding during surgery), Stability enhancement (minimiz-
ing oscillations).

2 Related Works

Prioritized task management is a well-documented challenge in the literature,
with Null-Space projection techniques widely recognized for exploiting the inher-
ent functional redundancy of robotic systems to address this issue [1]. Addition-
ally, methods such as Saturation in Cartesian Space (SCS) and its joint space
variant (SJS) [10] are commonly employed to prevent robots from exceeding
specified physical or virtual boundaries, thereby ensuring safe interactions with
both the environment and human operators, although their application has been
predominantly in motion and kinematic control. Handling of task conflicts in re-
cursive Null-Space projections is exploited in [11], [8]. In this study, we integrate
the SCS and SJS algorithms with Null-Space projection techniques to concur-
rently manage multiple safety-critical tasks within a hand-guiding framework
for surgical applications, representing, to our knowledge, the first application of
such algorithms together with an impedance control framework.

3 Technical Approach

Redundant manipulators can achieve multiple prioritized tasks (we denote a
Cartesian task as T,, and a task in joint space as T;, with r € {1,.., R},
defining the priority level) via Null-Space projections [1]. We denote the torque
resolving a general stack of tasks as:

T =71+ Nesji{Tesjot A Nejjr—i{Te/jrt -+ Nejjr—11Tc/ir} - 11 +9(Q)

(1)
where IN and 7 are the Null-Space projector and the torque associated to a
Cartesian or joint-space task T.,;, with priority level r, ¢ € R™ denotes the
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robot’s joint configuration vector and g(q) is the gravity compensation force.
This formulation ensures that lower-priority tasks do not interfere with higher-
priority omnes [2]. In our framework, Cartesian tasks execution is ensured by
Saturation in Cartesian Space (SCS) algorithm, while for joint tasks Satura-
tion in Joint Space (SJS) algorithm [10] is employed. Dynamic constraints are
introduced and employed in the context of impedance control.

3.1 Impedance Control

In the following we assume that the lowest priority task 7 g in the stack is a
Cartesian impedance task, allowing manual guidance of the robot. Consider the
robot dynamics in the joint space [7], in absence of gravity effects:

M(q)d+p(q.@)a=7—J"(q)h., (2)

where J € R™*" is the geometric Jacobian, M (q) the inertia matrix, h. the
external forces, u(q, q) denotes the centrifugal and Coriolis effects matrix. The
control input is defined as:

Tern=M(J A (Agia+ Koée + Kpe — AgJaqg —ha)) + pg+J h,. , (3)

where e = x4 — @, with x4 and € R™ denoting the desired and actual Carte-
sian pose, respectively, h 4 is the external force expressed with respect to the
analytical Jacobian J 4, A4 is the desired inertia in the Cartesian space, K,
and K, are the two positive definite damping and stiffness matrices. For the
sake of brevity, the corresponding dependencies from g and ¢ are omitted in (3).
The resulting mass—spring—damper closed loop system is:

Ae+ Kée+K,e=hu, (4)

representing a fully decoupled system if measurements of the external forces are
employed for compensation in (3), otherwise residual coupling effect is present.

3.2 Saturation in Cartesian Space Algorithm

The Saturation in Cartesian Space (SCS) algorithm enforces constraints on the
motion of a point of interest ¢, for the generic Cartesian task 7., (e.g. the EE,
or the robot’s elbow tasks), ensuring it remains confined within a predefined
virtual workspace. To achieve this, a set of static Cartesian constraints can be
defined for the task T, such that:

Cr.min S Cr S Cr maxs Uy min S Cr S Vr max Ay min S Cr S Qr mazx - (5)

Assuming that the stack of tasks is only composed of Cartesian tasks, we denote
the output of the task hierarchy computation at the priority level r as the torque
Tr stack- However, assuming that T, siqcr produces a constant acceleration of
the point associated to the higher priority task T, ,_1, i.e. &-_1,, = ¢—1(tn) =
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¢,_1(hdt) over a sample time dt, excessive deceleration may occur when ¢,
reaches a positional limit while moving at maximum velocity, with possibile
discontinuities in the velocity profile. To mitigate this, dynamic velocity limits
are introduced in this work, as:

é'r‘fl,’rnam:(th) = min(_drfl,maz(th) - Kdrfl,maz(th)y 'Urfl,maz) (6)

é7"71,77Lin(th) - max(_drfl,min(th) - Kdrfl,min(th)a vrfl,min) 5

where drfl,max(th) - c'r’fl(th) — Cr—1,max; drfl,min(th) = crfl(th) — Cr—1,min
and K is a gain matrix weighting the positional constraint over the velocity
one, in a “PD” control fashion. Consequently, (6) yields dynamic acceleration
constraints expressed as:

. _ 2 (dr—l,min - br—lét) é7‘—171’nin - ér—l
Cr—1,min (th) = max 542 ) 5t y Ar—1,min

. o . 2 (drfl,mam - é7“71515) érfl,maz - 1.2»,‘,1
Cr—l,max (th) = min (5t2 9 5t s Ar—1 max

(7)
In this manner, the acceleration limits are dynamically adjusted based on the
proximity of the point ¢,._1 to its positional, velocity, or acceleration constraints.
To check if these new limits are respected, we compute the Cartesian acceleration
¢r—1 as if Ty st Would be the input to the system. First, we obtain g and g
from the forward dynamics with T, stqcr as input. Then, from forward kinemat-
ics, we get ¢.—1 = J,_1q+ Jr_lq, where J,._1 is the Jacobian associated to the
task T, 1. If all the limits are respected, then 7T, s¢qck, becomes T,_1 stqcr. Con-
versely, if any Cartesian acceleration in ¢é,_1 exceeds its constraints, a limiting
torque T, ;im is computed to saturate the acceleration and respect the limits:

Trlim = lel,lim(A(q)ér—l,lim + Nc(q7 q)q) 3 (8)

where A and p,. are the inertia and Coriolis matrices in the Cartesian space,
respectively. The terms &é,_1 jim and J,_1 j;m are constructed as follows:

érfl,maw(i% if é'rfl(i) > érfl,maa:(i)
érfl,lim(i) = ér—l,min(i)a if ér—l(i) < ér—l,min(i) (9)

0, otherwise

Jro1(is), 3 [E1(8)] > [Er—1,1im ()]
otherwise '

Jr10im(i,:) = { (10)

Then, the control input for the task hierarchy at level » — 1 is computed as:
Tr—1,stack = Trlim + Nrfl,lim{Tr,stack} ) (11)

where Ny _1 i = I—J% | i T

r—1,1imJ r—1,1im 15 the Null-Space projector associated to

the Jacobian J,_1 iy With J,_1 jim representing the pseudoinverse of J,_1 jim.
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The process is repeated for every higher priority task until the final torque
T1,stack 18 generated. The algorithm pseudocode is presented in Alg.1. Moreover,
considering the impedance task T¢ g, if the external forces h. are compensated
in (3), the acceleration limits in (7) are adjusted to incorporate the effect of the
external forces as follows:

éT—l,min = é7”—1,min - AdAil(q)hAa é7"—1,17“11 = ér—l,mam - AdAil(q)hA .
(12)

Algorithm 1 Saturation in Cartesian Space (SCS) Algorithm

Require: Cartesian tasks T'¢, -, bounds ¢ min, Crmaz, Vr,min, Ur,maz, @r.min, Gr.maz
Ensure: Torque command 71 stack
for r = R to 2 do > Start from lowest-priority task
Compute Tr stack for task T., using task hierarchy
Predict g, g via forward dynamics with 7, stack
Compute Cartesian acceleration: é,_1 = Jyr_1§ + Jr-1q
Compute dynamic velocity limits for task T, as in (6)
Compute dynamic acceleration limits for task 1., as in (7)
if any ¢, violates limits then
for each dimension 7 do
if é,-1(i) > ér—1,mac (i) then
Er—1,1im (1) = Er—1,max(t)
Jr10im (i) — Tro1(i, 1)
else if é,_1(i) < ér—1,min(i) then
Er11im (1) 4 Er_1,min (i)
Jr10im (i) < Tr1(d, 1)
else
Cro1,im (1) < 0
Jr—1,im(i,:) < 0
end if
end for
Compute saturated torque: T 1im = Jr_1 jim (Aér_1,0im + f.4)
Compute Null-Space projector: N, —1 jim = I — J',I.‘,U”,ljr,l)l,‘m
Update torque: 7r_1 stack = Trtim + Nr_1,1im{Tr,stack }
else
Tr—1,stack = Trstack
end if
end for
return 71 stack

Algorithm 2 Saturation in Joint Space (SJS) Algorithm

Require: Joint Tasks T’ -, bounds q,. ,,ins @y maz> Vrmins Urmaz, Qrmin, Qrmaz
Ensure: Torque command 71, stack
for r = R to 2 do > Start from lowest-priority task
Compute Tr stack for task T} using task hierarchy
Predict ¢ via forward dynamics with 7, stack
Compute dynamic acceleration limits for task 7}, as in (14)
if any g violates limits then
for each joint i do
if (i) > Gr—1,mas (i) then
Gr—1,1im (1) < Gr—1,maz ()
1 pim (iy3) 1
else if Gr—1(7) < Gr—1,min(i) then
Gr—1,1im (2) <= Gr—1.min (%)
Jr11im(i,0) < 1
else
Gr—1,1im (i) = 0
Jr10im(i,1) < 0
end if
end for
Compute saturated torque: 7, jim = Jfl,m (Miir—l‘lmm, + ,ui])
Compute Null-Space projector: N1 jim = I — JI,U“,IJ,T,”””
Update torque: Tr—1 stack = Trtim + Nrtim{Trstack }
else
Tr—1,stack = Tr,stack
end if
end for
return 71 stack
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3.3 Saturation in Joint Space Algorithm

Assuming that in the stack is present a joint space task with a generic priority
level 7, T}, a similar reasoning can be applied considering joint constraints as:

qmin S q S q9maz> Umin S q S VUmax QAmin S q S Amaz - (13)
By following a procedure similar to (5), we get:

. o ((Qmaz — 94— 4O Qnax — 4

qma;v = min ( — 26t2 ’ magt aamaw)

. Dnin — 94— 40t Qrpin — 4
To incorporate these time-varying constraints into the task hierarchy, similar
steps to the SCS algorithm are applied, with two differences: the forward kine-
matics for the constraints is no longer required, and the Jacobian J, j;, of the
SCS algorithm becomes a diagonal square activation matrix, that, for paral-
lelism, we will keep on denoting as J. jim,. It is computed in the following way:

L i 1G(0)[ > [duim (9)]
0, otherwise '

(14)

Jr,lim(iyi) - { (15)

The algorithm psuedocode is presented in Alg.2.

Table 1: Task hierarchy with associated controllers and their priorities (high-
est=1)

Priority | Controller / Algorithm Associated Task
1 SJS Algorithm Joint Limits Task
2 SCS-Elbow Algorithm Elbow Task
3 SCS-EE Algorithm TCP Task
4 Impedance Control Handguiding Task
5 Oscillations Suppression Joint Damping Task

4 Experimental Validation

The proposed algorithms are tested in the MATLAB environment and imple-
mented on a KUKA LBR MED robot equipped with an high-speed rotary cutting
tool to simulate a laminotomy on a lumbar spine phantom model. The imple-
mented stack of tasks, shown in Table 1 and also outlined in Sect.l, generates
the following final torque command:

T =T+ Nj{Ta + Nea{Tece + NeeATmg + Nimg{Tja}}}} (16)

where the subscripts jl, el, ee, mg and jd denote joint limits, elbow limits,
EE limits, manual guidance (impedance), and joint damping tasks, respectively.
As the task T),4 has no constraint, 7,4 is directly projected in the Null-Space
Npmg and computed as 74 = —DM(q)q, where D is an additive damping gain
matrix.
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4.1 Simulation Results

This Section presents the results of
a simulated bone resection imple-
mented on a simulated KUKA LBR
Med robot. The same task hierar-
chy as in Table 1 is defined. In the
impedance control loop, the desired
inertia matrix A, is set to the iden-
tity matrix I. The simulated scenario,
illustrated in Fig. 2, considers the
robot’s EE initially positioned at the
center of a circle with a radius of
0.20 m. The EE first moves along the
xr-axis toward the circumference, then
follows a circular trajectory in the xy-
plane while maintaining its initial ori-
entation. Bounding limits of +0.15 m
along the x and y axes are imposed relative to the EE’s initial pose. These limits
define a rectangular workspace enclosed within the circular path, preventing ex-
act trajectory tracking. The elbow joint is constrained within limits of +0.1 m.
No external forces are applied in this scenario, effectively reducing the manual
guidance task to a trajectory tracking under impedance control. Fig. 3a shows

Fig. 2: Bone Resection Algorithm imple-
mentation in MATLAB: the circular tra-
jectory to track (red), the EE bound-
ing box (blue), the elbow bounding box
(green)
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Fig. 3a :

Comparison of Actual and De- Fig. 3b : Comparison of Actual Elbow Po-

sired Robot EE Position with Limits: in

the desired trajectory (yellow), actual EE
position (blue), the maximum and mini-

sition with Max and Min Limits: the ac-
tual elbow trajectory (blue), the upper and
lower bounds (red)

mum allowable limits (red)

the comparison between the desired and actual EE position over time. The ac-
tual trajectory follows the desired path closely, demonstrating effective tracking,
until the predefined spatial limits are reached. Upon reaching these limits, the
accelerations along the z and y axes saturate, as a result of the Saturation in
Cartesian Space (SCS) algorithm over the nominal Cartesian task. Fig. 3b illus-
trates the evolution of the elbow joint position relative to its predefined limits,
showing that it remains within these bounds throughout the experiment.

0
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4.2 Real Hardware Tests

In the experiments, a sawbone block [5] is employed, with
a cutting area designed to replicate typical laminotomy
dimensions. The cutting region is defined with a length
and width of 1 cm and a depth of 0.3 cm , serving as
the constraints for the EE task T... For the elbow task
T.i, a cubic bounding box with an edge length of 10 cm
is defined, constraining the elbow joint’s initial pose. The
experimental setup is shown in Fig. 4. The proposed al-
gorithm is tested under two conditions: one that neglects
external forces h 4 in the impedance control formulation,
and another that incorporates them.

Fig.4: Experimen-
tal setup

No External Torque Compensation Without external torque compensa-
tion, the TCP remains within the Cartesian boundaries even during rapid move-
ments. However, if a sufficiently high external force is applied via hand-guiding,
the robot may exceed these limits. This behavior is due to the coupled dynamics
in equation (4). As a result, the constraint acts as a soft stop, and an additional
hard limit is defined by the K gain in (6). Within the region between these two
limits, the TCP behavior can be approximated as that of a virtual spring. By
adjusting the stiffness of this virtual spring, the size of the hard limit region
can be increased or decreased. However, the two limits cannot overlap, as doing
so may lead to system instability. While the possibility of exceeding the limits
remains inherent in the algorithm, this characteristic is not necessarily unde-
sirable. Expert surgeons may prefer the ability to approach critical areas with
flexibility while remaining within safe bounds, relying on haptic feedback when
limits are surpassed. The evolution of the EE position over time is shown in Fig.
Ha.

External Torque Compensation In this case, the
hand-guided system consistently remains within its pre-
defined hard limits, even under the application of high
external forces. As shown in Fig. 5b, the deviation of the
TCP from these limits remains within 4 mm, which is due
to sensor noise and control update rate of 5 ms. More-
over, the experimental results indicate that the cutting
process for a single-level laminotomy using this system
takes approximately 2 minutes, compared to an average
of 10 minutes for traditional manual laminotomy. The re-
sults of the experimental bone resection procedure on the
sawbone block are shown in Fig. 6.

Fig.6: Results of
a simulated lamino-
tomy
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5 Main Experimental Insights

Comparing the presented experiments—one with external force compensation
and the other without—yields important insights. Both strategies offer distinct
advantages and can be selectively deployed depending on the surgeon’s experi-
ence and the specific surgical scenario. For experienced surgeons, the increased
freedom of motion provided by the strategy without external force compensation
could represent a significant advancement in enhancing surgeon-robot interac-
tion. In contrast, less experienced surgeons may prefer to adopt the more con-
servative strategy, including external force compensation, as it enforces strict
adherence to safety limits. Over time, they could gradually transition to the
strategy without external force compensation during training sessions, thereby
gaining confidence and expanding their operational capabilities.

6 Conclusion

This work introduced a novel robot-assisted framework for spinal surgery bone
resection, combining high-speed burr navigation with robotic guidance. Valida-
tion through simulations and experiments demonstrated accurate and smooth
tool motion along planned cutting paths. The proposed impedance control frame-

35

work —leveraging SCS and SJS algorithms with dynamic acceleration constraints—

— effectively ensured tool confinement within safe boundaries, safeguarding pa-
tient tissue. Future research will advance in two directions: control and clini-
cal. On the control side, efforts will focus on developing alternative (variable)
impedance control strategies for model decoupling without external force mea-
surements as in [12] and possibly based on machine learning as in [13], task
conflict resolution for vibration mitigation, RGB camera integration, and au-
tonomous cutting strategies for enhanced precision. Clinically, the system will
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undergo evaluation with surgeons in testing scenarios, collecting feedback to
refine control strategies.
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