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Abstract
Traditional robotic catching and throwing process chains, often create a pause time of more than 300 ms by di-
viding catching and throwing into two consecutive steps, and inadequately utilize the post-grasping kinetic state.
This paper presents a unified catching and throwing (UCT) process framework that eliminates this discontinuity
by using the joint position and velocity (qc, vc) measured during grasping confirmation as the initial condition for
a Hermite-type piecewise cubic launch trajectory. A six-state finite automaton coordinates the sequence, transi-
tioning from catching to launch in less than 5 ms while maintaining continuity (C1) to avoid velocity discontinuities.
The gripper dynamics are represented by a first-order hold profile, and a Jacobian-based release velocity is cou-
pled to a ballistic flight model for target prediction. The framework was evaluated in over 150 Drake simulations
using a KUKA IIWA 14 manipulator. The results showed an overall success rate of 87.3%, an active cycle time of
0.854 s, and an average throw error of 41 mm at a target distance of 2.5 m. Compared to a reference analytical
sequential method, the UCT framework reduced the cycle time by 34%, with the improvement primarily due to
the elimination of the stop-start phase between capture and throw. The proposed framework is positioned as a
practical level 2.5 architecture within a five-level taxonomy of capture-to-throw integration and provides a basis
for future hardware implementation of continuous dynamic manipulation.
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1. INTRODUCTION

Robotic systems that must successively catch and then
throw an object exhibit a structural inefficiency [1, 2]:
dominant architectures treat these two tasks as indepen-
dent commands separated by a mandatory rest state.
This design choice imposes a structural penalty: a dead
time of 300 ms to 2 s per cycle and complete dissipation
of the kinetic energy accumulated during the grasping
maneuver [3, 4]. In critical real-time applications, such
as automated sorting, dynamic assembly, and air con-
veying, this latency constitutes a fundamental throughput
constraint, rather than an adjustable parameter.

The problem is further exacerbated at the system level.
When the capture and launch controllers operate as in-

dependent probabilistic processes, the overall system
success probability is limited by the product of their indi-
vidual success rates. For example, a capture controller
achieving 90% success, combined with an independent
launch controller achieving 88% success, results in an
overall success rate of at most 79.6%, representing a
degradation of approximately 10 percentage points of
architectural origin, independent of the hardware capa-
bilities. This cumulative failure phenomenon is a key
argument for trajectory-level integration, regardless of
the latency considerations.

Previous studies have acknowledged this limitation to
varying degrees. Senoo et al. [4] demonstrated that a
high-speed launch with an optimized kinematic response
could be achieved in less than 50 ms, thus laying the
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groundwork for dynamic release strategies. Namiki et al.
[5] developed a high-speed, multi-finger receiving system
capable of intercepting fast-moving objects, demonstrat-
ing the feasibility of real-time grasping adaptation in dy-
namic manipulation contexts. Learned throwing policies,
notably TossingBot [6], achieve an accuracy of 35–50
mm at 1.5 m, but operate from static grasps, making
them orthogonal to the interception problem. Batz et
al. [7] addressed non-gripping dynamic receiving using
ball tracking and model-based control, but focused exclu-
sively on the interception phase without addressing the
release after reception.

Trajectory generation methods based on Hermite cubic
and polynomial interpolation [8, 9] offer continuous C¹
joint trajectories with explicit control of the limiting velocity,
making them structurally suitable for boundary formula-
tions, where initial conditions are measured in real time.
Furthermore, Riemannian methods on SE(3) [10, 11]
and task-parameterized probabilistic motion encodings
[12] have been applied to fluid manipulation trajectories;
however, neither is suitable for the dynamic transfer from
catch to throw, where the initial conditions are determined
only at the time of catch confirmation. Batz et al. [7] ad-
dressed non-grip dynamic catch using model-based ball
state estimation and control but did not consider the
subsequent release phase. Thus, the lack of data is
clearly defined: no existing system uses the measured
post-catch joint state (qc, vc) as a direct initial boundary
condition for the throwing trajectory, thereby mathemat-
ically eliminating the rest state. This study presents a
unified catch-to-throw (UCT) framework that addresses
this gap through three tightly integrated mechanisms: (i)
state-conditioned trajectory initialization, (ii) a six-state
finite automaton with a catch-to-throw transition of less
than 5 ms, and (iii) a first-order catch-to-throw release
profile coordinated with a throw velocity derived from the
Jacobian. The resulting system maintains C¹ continuity
across the phase boundary by construction without re-
quiring post-catch deceleration. We evaluated the UCT
in Drake [13] on 150 controlled simulation trials and com-
pared it with an analytically derived sequential reference.
UCT is integrated into a five-level capture-launch inte-
gration taxonomy (Table 1) and currently occupies level
2.5: trajectory continuity is achieved, but the release con-
figuration remains predefined and offline. The transition
to Level 3 (fully online optimization) is described in the
discussion. The remainder of this paper is organized as
follows. Section 2 reviews the related literature. Section
3 presents the mathematical formulation. Section 4 de-
scribes the system architecture and design of the finite
automaton. Section 5 details the experimental setup.
Section 6 presents the results of the study. Section 7 dis-
cusses implications, limitations, and extensions. Section
8 concludes.

Table[1]: Five-level integration taxonomy. UCT = Level
2.5.

Lvl Name Latency
0 Isolated single task only N/A
1 Sequential mandatory rest state 500 ms-2 s
2 State-Shared rest retained ~300 ms

2.5 UCT (This Work) C1 Hermite, no rest <5 ms
3 Fully Unified single objective Open

2. RELATED WORK
A. Dynamic Capture and Interception: Single online ob-
jective qr online. The open problem dynamic object cap-
ture has evolved from intercepting slow-moving targets
[1] to predicting and capturing fast-moving flying objects
in real time. Kim et al. [14] demonstrated the whole-body
capture of objects launched at up to 7 m/s using pre-
dictive control on a humanoid platform, highlighting the
importance of rapid state estimation and motion planning
under tight time constraints.
Birbach et al. [15] developed a multi-hypothesis Kalman
filter framework for predicting the trajectory of a bullet,
achieving a prediction accuracy of 90 ms, which is suf-
ficient for a 7-degree-of-freedom arm, thus establishing
the perception basis upon which the UCT framework
relies. Batz et al. [7] demonstrated the dynamic cap-
ture of non-grippy balls using model-based state esti-
mation and real-time control, successfully intercepting
fast-moving objects, although post-capture manipulation
was not addressed in their study. These systems con-
verge on the finding that rapid capture is possible. How-
ever, the question of what happens after capture remains
unanswered. Coupled capture and throw architectures:
Senoo et al. [4] provided fundamental results on high-
speed robotic throwing through motion generation based
on the kinematic response, demonstrating that the re-
lease timing can be controlled within a few tens of mil-
liseconds. Namiki et al. [5] demonstrated high-speed
multi-finger capture of dynamic objects and showed that
real-time grip adaptation is possible; however, none of
these studies addressed the problem of initiating a throw-
ing trajectory directly from the post-capture state. None
of these studies used the velocity measured after capture
as a boundary condition for the trajectory, thus leaving
the kinematic energy relationship between capture and
throwing untapped.
C. Trajectory generation for manipulation: Hermite cu-
bic interpolation provides C¹-continuous joint trajectories
with explicit control of endpoint velocities [8], making
it structurally well suited to boundary formulations in
which initial conditions are measured in real time. Gas-
paretto and Zanotto [16] demonstrated that low-jump
polynomial trajectories significantly reduce mechanical
wear in industrial manipulators. Kunz and Stilman [17]
achieved time-optimal trajectory generation along speci-
fied paths, and this technique can complement the UCT
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method during the launch phase. Dynamic movement
primitives (DMPs) [18] provide an alternative trajectory
representation that encodes goal-directed motions as
second-order dynamical systems. Unlike the Hermite
formulation, DMPs do not guarantee C¹ continuity at an
externally imposed boundary condition. Schulman et al.
[19] introduced trajectory optimization under geometric
constraints and showed that online replanning following
constraint changes is possible within planning horizons
that are compatible with dynamic manipulation. CHOMP
[20] provides a theoretical basis for extending the UCT
method to the C² continuum with fifth-order polynomi-
als by modeling motion planning as a covariant gradient
descent on trajectory quality metrics.
D. Physics-based learning and launching: TossingBot
[6] demonstrated that a physical residual model learned
through large-scale self-supervised training can achieve
an accuracy of 35–50 mm at 1.5 m for static-grip launch-
ing. Subsequent work on learned dynamic manipulation
[21] extended this concept to out-of-grip thrusts and ob-
ject orientation but did not address dynamic interference.
Zeng et al. [22] showed that task-conditional policies can
be generalized to different object geometries; however,
all launch learning frameworks assume a stationary ini-
tial condition. UCT’s contribution is clearly orthogonal: it
provides a “bridge” between the initial condition required
by any subsequent launch policy, whether analytic or
learned, and dynamic capture.
E. Research gap: In the literature reviewed, no previous
system (i) measures the post-capture joint state (qc, vc) at
the time of grasp confirmation, (ii) directly uses this state
as the initial boundary condition of the throwing trajectory,
and (iii) maintains the continuity of velocity C¹ across the
phase boundary without intermediate deceleration. The
UCT addresses these three points simultaneously.

3. MATHEMATICAL MODELING
A. Description of the Robot’s Kinematics:
The KUKA LBR IIwa robot is a serial robot with seven
rotary joints (n=7) and no translational degrees of free-
dom. Torque sensors are placed after each gearbox. In
addition, the robot was equipped with joint position en-
coders (see KUKA Robot Group [23]). Owing to its serial
structure, its kinematics can be efficiently described us-
ing the modified Denavit-Hartenberg (MDH) convention,
as in [24]. The axis of rotation of joint iii is denoted zi−1 ,
and the common normal axis of zi and zi is denoted xi .
The parameter γi = 0 indicates that joint iii is a rotating
one. αi denotes the angle between the axes zi−1 and zi
about xi−1 . θi is the angle between xi−1 and xi about zi .
Finally, rli indicates the distance between axes xi−1 and
xi along zi . The MDH parameters of the KUKA LBR iiwa
14 R820 robot are listed in Table (2). For the dynamic
description of the robot, 12 physical parameters per link
i , µi ∈ R12 as in (2), can be defined. Alternatively,

twelve dynamic parameters per link i , πi ∈ R12 as
in (3), can be used. Reduction to a minimal differential
equation system [23, 24].

Table[2]: Modified Denavit-Hartenberg parameters of the
KUKA LBR iiwa 14 R820.

No. γi αi(rad) Di θi rli(m)

1 0 0 0 q1 0.36
2 0 −π/2 0 q2 0
3 0 π/2 0 q3 0.42
4 0 π/2 0 q4 0
5 0 −π/2 0 q5 0.40
6 0 −π/2 0 q6 0
7 0 π/2 0 q7 0.126

B. State Definition and Transition Trigger:

Let (q(t) , q̇(t) ∈ R7x R7 be the IIWA joint po-
sition and velocity vectors at time. Object state:
(p0(t) , v0(t) ∈ R6 Grasp confirmation triggers at the
first tc satisfying:

δc(tc) = 1 ⇐⇒ ||p0(tc) − pc(tc)||2 < ϵc = 0.05m (1)

The UCT constraint is then enforced by construction:

qThrow (tc) = qc , q̇Throw(tc) = q̇c (2)

Figure (1) shows the link frames of the KUKA LBR iiwa
14 R820, labelled according to the modified Denavit-
Hartenberg convention used throughout this study.

Figure 1. Link frames of the KUKA LBR iiwa 14 R820 [24].

This initialization constitutes the central mechanistic con-
tribution of the UCT: no intermediate target configuration
is imposed, and no deceleration is expected. The state
measured during the grasp confirmation becomes the
exact initial condition of the Hermite interpolant.
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C. Piecewise Cubic Hermite Trajectory:
The continuous throwing motion is based on three distinct
temporal nodal points that define the segments of the
trajectory:

(t0, qc, q̇c), (t1 = tc + 0.45s, qr, q̇r),

(t2 = tc + 0.60s, q f , q̇ f ).
(3)

On each interval [tk, tk+1] with

s = (t − tk)/∆tk (4)

q(t) = h00(s)qk + h10(s)∆tk q̇k

+ h01(s)qk+1 + h11(s)∆tk q̇k+1.
(5)

Hermite basis:

h00 = 2s3 − 3s2 + 1 (6)

h10 = s3 − 2s2 + s (7)

h01 = −2s3 + 3s2 (8)

h11 = s3 − s2. (9)

The continuity C¹ at tc follows directly from the boundary
conditions: the Hermite polynomial is, by construction,
qc and q̇c at s = 0, regardless of the values of qr and q̇r

. Thus, the interpolator continuously inherits the mea-
sured state without an intermediate planning step. Note
that the continuity C² (continuity of acceleration) is not
guaranteed at the nodes; the discontinuity of accelera-
tion at t = tr is manifested by a marked peak in the
experimental acceleration profile.
D. Gripper Release and Launch Velocity:
Gripper width follows a first order hold ramp over
∆tg = 10ms
starting at tr. The launch velocity is computed via the
translational Jacobian Jv(q) ∈ R(3×7) evaluated at the
ball contact offset pGB = [0, 0.08, 0]m:

v0 = jv(qr)q̇r (10)

Post-release ballistic model (drag neglected):

p(t) =pr + v0(t − tr) +
1
2

g(t − tr)
2,

g = [0, 0,−9.81]T .
(11)

4. METHODOLOGY
A. Drake Architecture:
The UCT system is a Drake diagram with seven subsys-
tems: authoring hardware station (plant/scene graph),
point cloud generator (800 × 600 RGB-D), trajectory

predictor, grip selector (initialization = 300), custom mo-
tion planner, inverse dynamics controller (kp = 300, ki =

1, kd = 20), and a simulator monitor callback. When
throwing, the monitor directly records the state of the
plant, thereby bypassing the inverse dynamics controller
for accurate kinematic tracking.

Figure (2) depicts the contact force representation within
the UCT catch-to-throw pipeline, showing how the im-
pact forces at grasp confirmation are modeled and prop-
agated through the system.

Figure 2. Contact Force Representation in the UCT
Catch-to-Throw Pipeline

B. Six-State Finite state machine (FSM)

IDLE → PRE_GRASP (object detected) →
GRASP_SUCCESS (distance < 0.05 m; record
qc, vc ; build CubicHermite <5 ms) → THROW (monitor
writes state) → RELEASE (set free-body space
velocity; ramp WSG) → POST_RELEASE (free-flight
observation). Measured transition latency <5 ms in all
150 trials.

Figure (3) presents the sequential six-state FSM of the
UCT system, illustrating the direct GRASP_SUCCESS-
to-THROW transition that eliminates the remaining seg-
ment and defines the UCT architecture.
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Figure 3. Sequential six-state finite state machine (FSM) of
the UCT system.

5. EXPERIMENTAL SETUP

All experiments were performed exclusively on Drake
[13] using a Multi-Body Facility with LCP-based contact
modeling. No physical material tests are presented in this
paper; the material transfer requirements are described
in Section 7. The robot was KUKA IIWA 14, with seven
degrees of freedom, a maximum joint velocity of 1.7 rad/s,
and a maximum joint torque of 176 Nm (J1) to 40 Nm
(J7). Gripper: Schunk WSG 50, closed width 56 mm,
first-order grip ramp opened in 10 ms. Object: tennis
ball, diameter 70 mm, mass 58 g, return coefficient e =
0.75. Ball launch: launched from a distance of 3.8 m
with varying initial velocities and angles throughout the
trials. Fixed random seeds ensured repeatability; Grip
seed = 300. Success criterion: projectile impact point
within 41 mm of the center of the target located at 2.5 m
from the gun muzzle. The successive baseline was not
independently simulated. All reference time values were
calculated analytically from the measured UCT phase
durations, and a 300 ms explicit resting state was added
to GRASP_SUCCESS (denoted as A). The reference
success rate was estimated from the product rule model
using the capture and projection success rates reported
in the literature (denoted by P/L). Each reported value
is accompanied by a clear source label: (M) = directly
measured, (A) = analytically calculated, (L) = from the
cited literature, and (P) = estimated from the model. The
lack of a corresponding 150-trial reference simulation
is considered a primary experimental limitation and is
defined as a priority extension in Section 7. The 150
tests used the same Drake configuration, random seeds,
and controller gains. The test results are recorded by

the simulator monitor at each FSM state transition and
processed for phase-time calculation, C¹ validation, and
failure classification.

6. RESULTS AND DISCUSSION

6.1. Results:

A. FSM Phase Timeline
The absence of any segment between
GRASP_SUCCESS and THROW defines the
UCT signature. Table (3) provides timing statistics for
the 150 trials.
Figure (4) shows the FSM phase timeline for a repre-
sentative trial, illustrating the durations of all six states
averaged over 150 trials. The absence of a rest seg-
ment between GRASP_SUCCESS and THROW is the
defining UCT signature.

Table[3]: Phase timing (Mean ± SD, 150 trials).
(M)=measured; (A)=analytical.

Phase UCT (M) Baseline
PRE_GRASP 0.504 ± 0.031 s 0.504 s (M)

GRASP_ATTEMPT 0.094 ± 0.018 s 0.094 s (M)

Transition < 0.005 s (M) ≥ 0.350 s (A)

THROW 0.251 ± 0.022 s 0.251 s (M)
Active Total 0.854 s (M) ≥ 1.294 s (A)

Post-release 0.612 ± 0.041 s 0.612 s (M)

B. End-Effector Velocity and C¹ Continuity
Figure (5) presents the end-effector Cartesian velocity
profile across the GRASP_SUCCESS event at tc = 1.0
s. No discontinuity is observed in any velocity compo-
nent at this instant, confirming that the Hermite boundary
conditions enforce C¹ continuity. A sequential system
exhibits a velocity drive-to-zero segment between tc and
the start of the throw trajectory, represented as a saw-
tooth pattern in the velocity signal. The smooth profile
observed here is the primary kinematic verification of the
UCT framework.
The regular velocity profile at t = 1.0 s constitutes the
main experimental confirmation of the boundary condi-
tion C¹. A sequential system would show zero velocity at
this stage before reconstruction.
C. 3D Ball Path
Figure (6) illustrates the complete 3D trajectory of the
ball and its end effector during the reception, release,
and free flight phases. The trajectory of the ball unfolds
smoothly from the approach arc (before reception) to the
rigid segment (from reception to release) and then to the
ballistic arc of free flight. The yellow dashed line follows
the wrist joint during the release phase, confirming
the curvature of the Hermite trajectory. The pink
dashed line indicates the historical positions of the ball,
which visually confirms the continuity of the transmission.
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Figure 4. FSM phase timeline for a representative trial, showing durations of all six states (150-trial average). Absence of rest
segment between GRASP_SUCCESS and THROW is the UCT signature.

Figure 5. End-effector velocity components. No discontinuity at t=1.0 s (GRASP_SUCCESS) confirms C¹ continuity. Peak
eevy ≈ 25 m/s post-release.

D. Velocity Tracking: end-effector vs. Ball
Figure (7) illustrates the evolution of the end-effector
velocity as a function of the ball velocity during the re-
ception and release phases. During the launch phase
(from tc to tr), the ball velocity closely followed that of the
end effector along all three Cartesian components, thus
validating the rigid coupling assumption underlying the
calculation of the Jacobian launch velocity. The differ-
ence between the ball and end effector velocities was
less than 3% over this entire period, confirming that the
gripping force of the WSG 50 was sufficient to ensure
kinematic coupling under the observed inertial load.
E. Acceleration Profile
Figure (8) illustrates the magnitude of the terminal effec-

tor acceleration during testing. A sudden acceleration
of 2,500–3,000 m/s2 is observed at t = tr (limit of the re-
lease node). This is an expected mathematical signature
of C¹ continuity but not C² continuity: the positions and
velocities remain identical at the node, but the second
derivative (acceleration) undergoes a sudden change. In
the simulation, this change was absorbed by the direct
state writing mechanism. For the physical equipment,
the equivalent impulse joint torque must be verified to
remain within the IIWA torque limits.

The acceleration peak concentrated at tr is an expected
consequence of the C¹ (and not C²) representation: po-
sition and velocity correspond to the node level, but not
acceleration. This phenomenon is absorbed by directly
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Figure 6. 3D ball path: blue=pre-catch arc;
orange=catch-to-release (rigid-coupled); green=ballistic

free-flight. Release height ≈ 0.6 m at range 2.5 m.

Figure 7. EE vs. ball velocity (vx, vy, vz)Ball tracks EE closely
during the catch-to-release window (yellow), validating the

rigid-coupling assumption.

writing the state in the simulation but requires handling
torque saturation on the hardware side.

F. Aggregate Performance

Table (4) summarizes the overall performance across 150
trials. The 34% cycle time reduction is the most robust
quantitative result, as it is based entirely on the mea-
sured cycle times and is not influenced by assumptions
regarding the initial replanning time. Sensitivity analy-
sis confirmed that even with conservative assumptions
(50 ms replanning time), the cycle time reduction was
9.5%; at the expected median value (145 ms), it reached
34.0%. The overall success rate of 87.3% (131/150)
was measured directly, and the reference value of 79.6%
corresponded to a projection of the model (P).

Table[4]: Aggregate results (150 trials). (M)=measured;
(A) = analytical; (L) = literature; (P) = projected.

Metric UCT Baseline Prov.
Overall
Success

87.3% (131/150) ∼ 79.6% M / P

Catch
Rate

93.3% (140/150) ∼ 90.1% M / L
[25]

Throw
Rate|catch

93.6% (131/140) ∼ 88.4% M / L[6]

Accuracy
@2.5m

41 mm 35 − 50 mm M / L[[6]

Cycle
Time

0.854 s ≥1.294 s M / A

Transition < 5 ms ≥350 ms M / A
Momentum
γ

0.31 0.00 M / logic

G. Failure Analysis

Table (5) lists the 19 failed trials. The catch-phase-
failures (9 trials) are independent of the UCT trajectory
framework and attributable to perception latency and
workspace boundary effects. The launch phase failures
(9 trials) stem entirely from the offline launch configu-
ration qr: when (qc, vc) deviates significantly from the
nominal configuration, the 0.45 s Hermite segment is
geometrically unrealizable given the joint velocity limits.
This is the primary architectural limitation justifying the
extension of the state-indexed trajectory library.

Table[5]: Failure classification (19 failed trials; all values
measured, M).

Type Phase N Root Cause
Perception
latency

Catch 7 Trajectory Predictor
exceeded threshold

Workspace
boundary

Catch 2 Ball near reachability
limit

Config mis-
match

Throw 7 Offline qr infeasible
from (qc, vc)

Jt. velocity
limit

Throw 2 High vc in J5/J6

Unclassified — 1 Grasp slip; contact
model artefact

Capture failures (9) are independent of the UCT frame-
work. Lifting failures (9) are entirely due to the fixed
offline publishing configuration, which is the main archi-
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Figure 8. Acceleration magnitude |acc_ee| (black). Peak ∼2500–3000m/s2 at tr reflects the C¹-not-C² transition at the
release knot boundary.

tectural limitation.
H. Comparison with Prior Work
Table (6) places UCT in the context of directly related
systems. Direct numerical comparison is not appropriate
due to differences in hardware, task specification and
assessment environment. The table is provided for quali-
tative context only, with all UCT values labeled (M) and
all external values labeled (L).

Table[6]: Contextual comparison (qualitative; different
hardware and tasks). "N/R = Not Reported; N/A = Not

Applicable".
System Catch Throw C1?
UCT (This
Work)

93.3% M 41 mm@2.5m M Yes

TossingBot
[6]

N/A 35 − 50mm@1.5m No

Batz et al.
[7]

88% N/A No

Lampariello
et al. [25]

∼ 90% N/R No

Namiki et
al. [5]

∼ 85% N/R No

6.2. Discussion
A. Fixed Release Configuration:
Seven of the 19 failures occurred because the predefined
qr was geometrically unrealizable compared to the real
(qc, vc) in 0.45 s. The remedy is a state-indexed trajec-
tory library: a precomputed set of Hermite trajectories
parameterized by (qc, vc), selected at runtime via nearest-
neighbor search in the k-d tree (O (log N), compatible
with the latency budget <5 ms). This constitutes the
main planned extension and architectural path toward

Layer 3 integration.

B. C¹ vs. C² and Hardware Readiness

Figure (8) shows a sharp acceleration peak at tr. This
peak is not an artifact of poor design but a direct and
expected consequence of deliberately adopting C¹ conti-
nuity rather than C² continuity at the trajectory boundary.
The guiding objective of the present framework is to
guarantee smooth and continuous position and velocity
profiles across the catch-to-throw transition, because it
is this continuity, not the acceleration profile itself, that
determines the kinematic feasibility and smoothness of
the motion as planned. In the simulation, this transient
is absorbed through direct state writing, allowing the
kinematic behavior of the trajectory to be evaluated inde-
pendently of the underlying actuation dynamics.

However, the treatment of this acceleration discontinuity
at the hardware level is not a gap left open by the present
work, but rather a problem that falls squarely within
the scope of the control layer rather than the trajectory-
generation layer. Within our hierarchical three-layer con-
trol architecture, the regulation of actuator torque, includ-
ing the transient demands imposed by C¹ discontinuities,
such as the one observed in Figure(8) is the explicit re-
sponsibility of the Inverse Dynamics Controller, whose
role is to translate kinematically smooth but dynamically
discontinuous references into commands that remain
within the IIWA’s joint torque limits (176 to 320 Nm).
Therefore, reframing this acceleration peak as a control-
layer concern is not a deferral of responsibility but a
reflection of the layered design philosophy underlying the
architecture as a whole: trajectory generation and torque
regulation are deliberately decoupled so that each can
be developed, validated, and upgraded independently.

Accordingly, a full inverse-dynamics torque audit, to-
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gether with a dedicated stability analysis of the launch
phase, is currently being developed as part of this three-
layer control architecture and will be presented in a forth-
coming publication dedicated specifically to the control
system. The present manuscript Therefore, this study
focuses on establishing the kinematic foundation of the
framework, while the dynamic feasibility and torque-level
validation of this foundation are addressed as the natural
next stage of an already-structured research program.
C. Baseline Comparison Validity:
The comparison of the cycle times was derived analyti-
cally from the measured UCT timings and was internally
consistent regardless of the replanning estimate. The
comparison of success rates is based on literature values
and a compound probability model; a baseline experi-
ment with 150 trials (same Drake configuration, same
seeds, 300 ms rest period) is the main exceptional exper-
imental requirement to elevate these provenance (P/L)
values to (M).
D. Sim-to-Real Transfer Considerations:
The Drake simulation utilizes a rigid LCP contact,
continuous-time facility model, and perfect state observa-
tion. Real-world implementation introduces at least three
additional challenges: (i) measurement noise and delay
in joint state estimation at tc propagate to Hermite bound-
ary conditions; (ii) ball spin and aerodynamic drag intro-
duce systematic errors into ballistic estimation; and (iii)
gripper compliance and slippage in the high-acceleration
launch phase. Field randomization techniques during
simulation training [26] can partially reduce the gap be-
tween simulation and the real world and have proven to
be effective for robotic manipulation transfer tasks. In-
tegrating a learned residual correction on the ballistic
model, as in TossingBot [6], is a natural extension to
improve the landing accuracy on hardware. The broader
challenge of transferring learned manipulation policies
to hardware is well-documented in the robotics RL litera-
ture [27], and the UCT framework is explicitly designed to
serve as a compatible initial-condition provider for these
policies.
E. Sensitivity Analysis and Contact Model Robust-
ness:
The concern regarding the sensitivity of the system to
grasp confirmation delays and object slips is substan-
tially addressed by the choice of simulation environ-
ment. Drake’s multi-body plant employs an LCP-based
hydroelastic contact model that implicitly captures the
distributed contact stiffness and surface compliance at
each time step, thereby providing a physics-grounded
approximation of the gripper-object interaction forces
during high-speed interception. Unlike simplified rigid-
body contact models, the hydroelastic formulation con-
tinuously resolves the contact geometry and generates
spatially distributed contact forces, which means that
partial slip events and non-instantaneous load transfer
at grasp confirmation are implicitly represented rather

than ignored. Across the 150 trials, the boundary con-
dition (qc, vc)was successfully recorded within the 5 ms
latency window in every case, confirming that the FSM
trigger was robust to the perceptual variability captured
within the Drake contact model. The one unclassified
failure attributed to grasp slip (Table 5) represents the
boundary case of this robustness, and its rarity (1/150
trials, 0.67%) is consistent with the high grip stiffness
of the WSG 50 under simulated inertial loads. A formal
closed-form sensitivity analysis for hardware deployment
covering delayed confirmation windows and bounded
slip magnitudes is identified as a priority extension in the
forthcoming hardware-validation study.

7. CONCLUSION

The UCT framework demonstrates that the traditional
pause between catching and throwing a robot is a de-
liberate architectural choice, rather than a physical con-
straint. By directly initiating the throw trajectory from the
joint configuration recorded at the precise moment of
grasping confirmation, the system facilitates a smooth
kinematic transition in less than 5 ms, thus eliminating
stationary intermediate states. This approach guaran-
tees the continuity of velocity C¹ along the phase limit;
this design not only conserves a significant portion of
post-grasping kinetic energy but also promotes a more
efficient and natural transfer of motion to launch.

The results of 150 simulations performed with Drake
highlight the effectiveness of this method: the frame-
work achieved a success rate of 87.3%, characterized
by an active cycle time of 0.854 s and a landing ac-
curacy of 41 mm at a target distance of 2.5 m, which
represents a significant increase in velocity compared to
conventional sequential models. These results validate
the ability of the Hermite-based formulation to maintain
velocity continuity and confirm the rigid coupling assump-
tion during the release phase. Although an acceleration
peak occurred at the transition point, this peak remained
localized and predictable, which is consistent with the
expectations of the C¹ formulation rather than the C²
formulation. Going forward, the main constraint lies in
geometrically impractical release configurations under
various capture conditions, highlighting the crucial impor-
tance of developing a state-indexed trajectory library [28].
For practical hardware implementation, it is necessary to
extend the model to ensure C² continuity and verify the
feasibility of coupling using inverse dynamics.

8. LIST OF SYMBOLS

q, q̇ Joint position and velocity vectors (R7). · qc, q̇c Joint
position and velocity at grasp confirmation. · qr, q̇r Joint
position and velocity at release node. · q f , q̇ f Joint po-
sition and velocity at the final trajectory node. · Po(t),
vo(t) Object position and velocity in the task space (R6).
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· Pc(tc) Gripper contact point position at grasp confirma-
tion. · εc Grasp confirmation proximity threshold (0.05 m).
· δc(tc): Binary grasp confirmation flag. · tc Time instant of
grasp confirmation. · tr Time instant of the object release.
· t0, t1, t2 Hermite trajectory nodal time points. · s Nor-
malized time parameter within a Hermite segment [0, 1].
· ∆tk Duration of the k-th Hermite segment. · h00, h10, h01,
h11 Cubic Hermite basis functions. · Jv(q) Translational
Jacobian matrix (R3.7). · pGB Ball contact offset from grip-
per frame origin. · vo Object release velocity (task space,
R3). · g Gravitational acceleration vector [0, 0, −9.81] T

m/s². · ∆tg Gripper opening ramp duration (10 ms). · Kp,
Ki, Kd Gains of the inverse dynamics’ controller. · γ is
the kinetic momentum utilization ratio.
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