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Abstract —

Robotic assembly of timber structures promises
increased efficiency and sustainability in construction.
However, conventional timber joints often cause high
assembly difficulty for robots (e.g. bolts) and use non-
reversible connectors (e.g. nails or glue). This paper
presents a novel curved mortise-tenon timber joint
designed for robotic non-sequential assembly and a
dual-arm assembly strategy based on reinforcement
learning (RL). The joint’s curved and non-sequential
geometry enables full reusability, kinematic self-
locking, and improved stress distribution under
loading. To robustly execute the complex insertion in
the presence of uncertainties, an RL policy trained via
Proximal Policy Optimization (PPO) with extensive
domain randomization is employed. In physical
experiments with two Franka robot arms, the learned
policy achieved a 90%o success rate in assembling and
disassembling the joint, validating the approach. The
results demonstrate that combining innovative joint
design with learning-based control can advance
automated circular construction by enabling robotic
assembly and disassembly of timber joints.
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1 Introduction

The construction industry faces the challenges of
improving sustainability and addressing labor shortages
[1]. Timber construction is resurging as a sustainable
alternative to steel and concrete, since wood is a
renewable material with a lower environmental footprint
[2]. Timber engineering leverages digital fabrication to
create precise components, enabling innovative
structural systems with reduced carbon emissions [3]. An
aging population has led to labor shortfalls in
construction. Robotic on-site assembly can help fill
workforce gaps and boost productivity [4][5][6]. Robots
can handle repetitive tasks with high precision and
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operate in hazardous environments, improving safety and
efficiency in construction.

In pursuit of sustainability, reversible timber joints
are developed [7] to allow structural members to be
disassembled and reused at end-of-life instead of being
demolished, enabling circular construction. For example,
[8] introduced a reversible timber beam connection
designed for robotic assembly and disassembly. Their
connection uses steel bolts as demountable fasteners,
providing reliable load transfer while allowing the timber
to be taken apart and reassembled multiple times without
damage. However, the robotic system in [8] needed to
insert and tighten screws with high accuracy. On a
construction site, achieving the fine alignment needed for
bolts can be difficult due to tolerances, material swelling,
or measurement errors. Even millimeter-scale deviations
can hinder bolt insertion, demanding a level of accuracy
that is hard to guarantee. Thus, although bolted reversible
joints work, the installation process is not ideal for robots
operating in imperfect site conditions, as it may require
slow, careful alignment or human intervention.

To improve feasibility of robotic assembly,
researchers have explored non-sequential timber joints as
an alternative. A non-sequential joint is a form-fit
connection that can be assembled without additional
fasteners or glue, relying purely on geometric
interlocking of the timber elements (often via mortise and
tenon-like features) [9][10]. Unlike traditional sequential
assemblies, where components are added one after
another in a fixed order, non-sequential assemblies
involve moving all parts simultaneously into place,
locking them through kinematic constraints rather than
friction or hardware. Glath et al. [9] demonstrated that
such joints can be designed to self-lock by their geometry,
allowing low-force, damage-free assembly and
disassembly, since no nails or adhesives bind the parts.
Additionally, by eliminating glue and screws, the
assembly process is simplified for robots, as there is no
need for drilling, nailing, or curing time.

Despite their advantages, existing non-sequential
joints have limitations due to the straight tenons. The
multi-tenon arrangement constrains the allowable tenon
length and cross-section, as several connectors must be
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accommodated without mutual interference. Thus, the
effective load-bearing overlap between members is
limited, which can compromise structural performance.
Under bending, the contact area is often small and
stresses concentrate around the short tenons, reducing the
joint’s moment capacity. Also, repeated vibration can
promote gradual separation as small clearances
accumulate over time.

To overcome these problems, this work proposes a
novel curved mortise-tenon joint geometry for non-
sequential joints. The curved tenon provides greater
embedment length for improved mechanical engagement,
and it distributes stresses more evenly along the curve
when the joint is bent.

However, introducing a curved, non-sequential
mortise-tenon joint creates new challenges for robotic
assembly. Unlike straight insertions, assembling a curved
interlocking joint requires all mating parts to move
simultaneously along a precise curved path, which is a
complex contact-rich manipulation problem. Moreover,
real construction environments have inherent tolerances:
timber pieces may be positioned a few millimeters off,
and exact trajectories are hard to repeat on site.

Reinforcement learning (RL) can achieve high
success rates in complex peg-in-hole insertions [11][12].
This research leverages RL as a control strategy to
robustly handle the requirements for coordinated motion,
complex contacts, and uncertainties. RL enables the
robots to learn an assembly policy through simulation
and adapt to contact feedback, rather than relying solely
on closed-loop position commands. By training in a
varied environment, an RL policy can also become
tolerant to small positioning errors or part variations,
making it well-suited for the unpredictability of robotic
assembly. Compared to assembly methods that rely
solely on fiducial markers (as in [13], which reported
mixed success for multi-tenon assembly), this research
uses AprilTag only for coarse initial localization. The
fine alignment and contact adjustments are then handled
by the RL-based policy.

The contributions of this work include the
introduction of a novel curved non-sequential mortise-
tenon timber joint (Figure 1 a, b), that is structurally
robust and fully reversible, requiring no metal fasteners
or adhesives and thereby supporting circularity and reuse.
Further, an RL-based dual-robot control approach for the
assembly and disassembly of the proposed joint is
presented, which learns coordinated insertion motions
through training in simulations to handle complex
contact interactions and uncertainties. The results of real
robot tests demonstrate that the combined joint-method
framework enables robust, tolerance-aware robotic
assembly and disassembly of timber joints, advancing
automation-friendly and sustainable timber construction.
A video showing the real tests is available at [14].
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Figure 1. Design of the curved mortise-tenon joint.
(a)-(c) Joint design and geometry. (d) Geometric
comparison of straight and curved tenons. (e) Von
Mises stress distribution (in MPa) of a finite
element analysis for comparison of straight and
curved mortise-tenon joints.

2 Joint Design

The example joint used to validate the concept of
curved non-sequential mortise-tenon joints of this
research is modified from the top node joint of the full-
scale non-sequential timber structure in [10]. In that
practical scenario, the node connects a vertical member
under tension with two horizontal members under
compression. The present work modifies this node by
replacing the straight mortise-tenons with curved ones,
thereby improving structural robustness while preserving
the reversibility of the original concept.

2.1  Geometry

As shown in Figure 1 c, the tenons on the left beam
and the column have the shape of a circular arc, where
the inner and outer arc share the same center. This
ensures the insertion can be done when the left and right
beams are rotating around their centers of the arcs.

The shape of the mortise and tenon between the left
beam and the right beam is determined by the relative
movement trajectory of the right beam with respect to the
left beam, as they rotate simultaneously around their
respective centers. This trajectory can be described in the
polar coordinate system of the left beam by Equation (1),



r(Y)=a+b-cosy, 1)
which is the standard form of the Limagcon of Pascal [15].
With parameters a = 8 and b = 8v/2, the condition

b > a is satisfied. Consequently, the trajectory forms a
limacon with an inner loop, which results in the hook-like

shape of the peg between the left beam and the right beam.

The final tenon shape with tapering is optimized
numerically by simulating two rigid bodies rotating
around two centers separately and calculating the gaps at
each side of the tenon at each time step.

2.2 Advantages

2.2.1  Stress Distribution under Bending

The curved mortise-tenon offers a larger contact area
and enables better stress distribution compared to straight
tenons in bending. Figure 1 d shows that when a bending
load is applied, the forces are transferred through bearing
contact across the curved surface [16], rather than
concentrating at a single pin or edge of a straight tenon
[17][18][19][20]. The lever arm OA’ is longer than OA
due to the angle of contact pressure, resulting in smaller
stress at B’ than at B.

To quantitatively support the claimed improvement in
stress transfer under bending, an additional finite element
analysis (FEA) was carried out in Ansys [21] for the
proposed curved mortise-tenon joint and for a geometry-
matched (equal mortise depth) straight mortise-tenon
reference under the same bending moment (Figure 1 e).
The two joints were evaluated under identical loading
and boundary conditions, contact assumptions and
material parameters so that the effect of the joint
geometry could be isolated. The maximum von Mises
stress reaches about 1.156 MPa in the straight tenon,
compared with the approx. 0.771 MPa in the curved
tenon, which corresponds to a reduction of approximately
33% in peak stress for the proposed curved joint. These
results support the claim that the curved geometry
improves stress distribution under bending. However, the
present FEA comparison is intended as a preliminary
numerical indicator of structural benefit and
comprehensive mechanical bending tests remain part of
future work.

2.2.2 Increased Contact Area

By curving the tenon (and corresponding mortise)
along an arc, a longer continuous contact surface can be
achieved even within a compact joint region, which can
provide more friction force under loading.

2.2.3  Pull-Out Resistance

Conventional mortise-tenon joints primarily transfer
load through bearing contact between tenon cheeks and
mortise walls, which provides bearing capacity for shear
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actions perpendicular to the tenon axis and for rotational
restraint depending on detailing [22]. In contrast,
resistance against pull-out along the tenon direction
mainly comes from tight-fit friction and is not treated
comprehensively in common design standards such as
Eurocode 5 [23].

Non-sequential mortise-tenon joints partially reduce
the pull-out risk by combining multiple tenons oriented
in different directions, such that no single straight
translation can release the connection [9]. Nevertheless,
if the locking relies on a small number of straight sliding
directions, there remains a residual failure mode in which
parts can gradually migrate along their insertion
directions under repeated vibrations (e.g. wind,
operational loads, or seismic excitation), especially if
friction decreases due to wear or moisture changes.

The proposed curved non-sequential mortise-tenon
joint addresses this weakness. Disassembly is only
possible if the members follow a specific curved
extraction trajectory with coordinated relative motion,
making unintended separation highly unlikely under
realistic vibration, as random excitations cannot
reproduce the necessary path and coordination.

2.24  Robotic Assembly

Straight mortise-tenon joints rely on tight-fit to
provide friction against pull-out loads, which imposes
high demands on robotic assembly, since millimeter-
level positioning errors can lead to jamming, excessive
insertion forces, or surface damage. Contrarily, the
proposed joint with curved tenons maintains stability by
form closure (geometric lock) rather than high friction.
In fact, a properly designed non-sequential joint needs
only minimal friction for stability. Therefore, the mortise
and tenon need not be perfectly tight-fit and larger
tolerance can be designed to ease the robotic assembly.

2.3 Disadvantages and Limitations

2.3.1  Manufacturing Complexity

The joint components with curved mortise-tenon
profile are fabricated from timber with CNC milling,
which does introduce some complexity in manufacturing.

2.3.2  Assembly Path Requires Space

The robot must follow a curved rather than straight
path, which may require more space around the joint.

2.3.3  Friction Dependence

The assembly relies on friction characteristics being
within a reasonable range. If the wood surface or finishes
result in extremely high friction, the insertion might
require more force than the robots can safely apply, or the
joint might seize mid-way.



2.3.4  Complexity of Robotic Control

Orchestrating two robots simultaneously is inherently
more complex than single-arm operations. The curved
tenon shape increases the complexity of the planned
trajectories of the robots and the difficulty of adjustment
when jamming happens. Besides, as the control is based
on trained RL policies, any changes in joint design or
robot model would necessitate re-training. This could be
a barrier for adapting the method to new projects without
significant computational resources.

2.3.5  Grain Anisotropy

Wood exhibits significantly greater strength and
stiffness parallel to the grain than perpendicular to it, and
both tensile and shear resistance can be much lower when
forces act across grain directions [24]. For the proposed
joint, this implies that using homogeneous timber may
cause local strength problems for the curved tenons due
to grain anisotropy. Therefore, Cross Laminated Timber
(CLT) [25] or similar engineered timber with cross-grain
layers need to be used to ensure reliable load transfer and
joint bearing capacity.

3 Robotic Assembly Strategy

To assemble the curved joint, two Franka Research 3
robotic arms work in synchronization. Each robot grasps
one timber part. The third part is fixed as the existing
structure. The use of two robots is motivated by the need
for controlled motion of both parts: as the tenon begins
to engage, both pieces must move simultaneously to
negotiate the curved path. This is a coordinated, dynamic
insertion where one robot’s motion relative to the other
is constrained by the joint geometry. In effect, the robots
perform a “handshake” maneuver, each contributing to
the relative motion required for mating the joint.

3.1 Initial Alignment

Before insertion, a computer vision system detects the
AprilTag on the fixed part and provides an estimate of
the part’s pose (position and orientation) in the robot
coordinate frame. This yields an initial alignment with an
accuracy of about +1 mm in position and +0.5° in
orientation. No separate fine calibration step or jigs are
used. The robots proceed directly to the insertion
maneuver from this pose. The tolerance of the joint
design with chamfered tenons, combined with the
adaptive control policy using RL and impedance control,
obviates the need for laborious pre-alignment or
adjustment phases.

3.2 Synchronized Dual-Arm Motion

Once in position, the robots execute the insertion

545

motion in a tightly coordinated fashion. In practice, the
coordinated motion is achieved by having both robots
follow a time-synchronized trajectory plan generated by
the learned policy. At each time step, the policy outputs
target motions for both arms simultaneously. The key
challenge is maintaining the correct relative pose of the
two parts throughout the motion: even a small deviation
can cause one side of the tenon to bind against the mortise.
This multi-point contact peg-in-hole problem demands
continuous adjustment by both robots.

3.3 Force Accommodation

Purely rigid trajectory tracking during insertion is
brittle under residual pose errors, unmodeled contact
conditions, and friction variability, and can lead to
excessive interaction forces or jamming. Therefore, a
Cartesian impedance controller is applied to regulate the
end-effector’s apparent stiffness and damping so that
small contact-induced deviations are compliantly
absorbed while keeping forces bounded and avoiding
surface damage. This yields a form of passive
compliance that helps prevent jamming. If the tenon
presses hard on one side, the fixture deflects a few
millimeters to relieve pressure until the policy can correct
the course. Both robots adjust their trajectories based on
current poses and sensed forces, maintaining a balanced
insertion where contact forces remain below a safe
threshold.

After each tenon fully reaches the end of the curved
slot, the joint is locked in place. The robots then release
the components. The connection can later be
disassembled by reversing the motion: the robots re-grip
the parts and withdraw them along the same curved path.
This reversible assembly process is repeated multiple
times in the experiments to validate the joint’s reusability.

4 Reinforcement Learning Policy

4.1 Algorithm

The Proximal Policy Optimization (PPO) [26]
algorithm is utilized as the learning algorithm for the
robot control, owing to its stability and good performance
on continuous control tasks. The applied PPO algorithm
is based on the Brax implementation [27].

The reward function consists of a position-based
insertion progress term riprog and an angular alignment
term riaign for each mortise-tenon pair i € {1,2,3},
together with a terminal success reward, a terminal
penalty for excessive joint torque, a penalty on joint-
space deviation from initial pose to improve efficiency,
and a synchronization penalty to reduce dual-arm
mismatch during insertion. The total reward is defined as
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where w is weight factor and the insertion and alignment
terms are given by

Si,prog = ”pi,mortise - pi,tenon”x (3)
Sialign = |9i,mortise - 9i,tenon|1 (4)
Tiprog = 1 — tanh(w,, * s; prog), (5)
T align = 1 — tanh(Wg - ; a1ign ) (6)

where p is position and 4 is orientation. To discourage
unnecessary maotion, the joint-space deviation cost is
defined as

Teffi = tanh(WAq ' Z?z:l”qa,curr - qa,orig”): (7)

where Qa.curr, IS the current joint angles of robot arm a and
Oaorig IS the original angles. To penalize mismatch
between the two tenons that are symmetrical (i = 1 and
2), the synchronization cost is defined as

rsync = tanh(WAprog ' |51,prog - SZ,progD- (8)

In addition, lsuec € {0,1} is the success indicator, and lirg
€ {0,1} is activated and the episode is terminated when
any joint torque exceeds the predefined safety threshold.

The observation space consists of the joint angles and
velocities of the two robot arms, the current Cartesian
pose of the two grippers and the measured joint torque of
the two arms due to restraint, for which a low-pass
filtering is conducted and both the filtered and unfiltered
torques are used for observation. The actions are the
Cartesian translational and rotational movements of the
two grippers for each timestep.

4.2  Training in MuJoCo Simulations

A physics simulation of the two robots and the timber
joint is developed in MuJoCo [28], which is a high-
fidelity simulator that can incorporate robot dynamics
and contact physics for wood-wood interaction (Figure
2). MuJoCo Playground [29] is used as the training stack
to allow parallelization of environments on GPU. Each
training has 200 million iteration steps and 8192 parallel
environments and takes about 5 hours for a single Nvidia
A100 GPU node. The simulation is slower than typical
MulJoCo simulations as the contact dynamics are
intentionally modeled as very stiff, requiring a small
timestep (0.0005 s) and high solver iteration count (250)
to ensure convergence of the contact forces. As a result,
the computational cost is highly sensitive to the contact
stiffness, timestep, solver iterations, and domain-
randomization settings. When adapting the method to
similar but different geometries, the retraining effort is
expected to remain moderate, since the proposed joints
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are constructed from simple parametric curves such as
circular arcs, which limits the exploration complexity of
PPO. Moreover, multiple joints within the same project
may share the same underlying geometric principle,
reducing the need for retraining and making warm-start
fine-tuning from a baseline policy a practical alternative
to training from scratch.
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Figure 2. MuJoCo simulation.
4.3 Domain Randomization
A critical component of training is domain

randomization, which is applied extensively to bridge the
reality gap and ensure robustness. Table 1 summarizes
the key parameters randomized during simulation
episodes. By exposing the learning agent to these
variations, it could be ensured that the final policy was
not tuned to a single ideal scenario but rather could
generalize to the messy real-world conditions.

Table 1. Domain Randomization Ranges in Training

Parameters Variation Range
Mass and inertia +20%
Surface friction 0.1-0.7
Initial pose offset +1.0 mm, £1°

Base compliance From very stiff to rigid

The mass of the two timber parts handled by the
robots is varied within £20% of their nominal values. The
coefficient of friction between the contact surfaces is
randomized from 0.1 to 0.7, because wood friction can
differ due to surface finish or humidity, etc. Small
random offsets up to £1 mm and £1° in random directions
are added to the initial alignment of the parts, simulating
errors in AprilTag localization or placement.

To model that real existing building components may
not be fully rigid during assembly both in lab tests and on
site, the stiffness of the simulated base holding the timber
column is randomized from very stiff to fully rigid. In the
training in MuJoCo, the base stiffness is varied from fully



rigid to a specific stiffness, which is determined as the
stiffness that when the robot is applying a horizontal
force at its maximum payload, the fixed part is showing
0.5 mm deformation. The policy has to succeed across
this spectrum, learning not to rely on the base being
perfectly immovable.

5 Experiments

5.1 Setup

The system was validated in physical assembly
experiments with the curved joint using two 7-degree-of-
freedom Franka Research 3 robotic arms (see Figure 3
and [14]). Each arm has a maximum payload of 3 kg and
was equipped with an eye-in-hand camera of the type
RealSense D405 for the localization of the fixed timber
components. This setup is not intended to directly
represent full-scale structural deployment. Instead, it
serves as an experimentally accessible platform to
validate the curved non-sequential joint and the
corresponding learning-based assembly strategy under
controlled laboratory conditions.

Figure 3. Hardware setup of the experiments.

Three sets of samples with different materials were
prepared for real tests: timber, waxed timber and 3D-
printed PLA. The waxed timber was smoother than
timber and the 3D-printed parts had the smoothest
surface. The samples were manufactured from laminated
plywood boards consisting of multiple thin veneers
bonded together with alternating grain directions, which
reduces the prominence of grain-direction anisotropy at
the scale of the assembly experiments.

Disassembly was tested by executing the recorded
movements during assembly in reverse. A trial was
considered successful when both the assembly and
disassembly were completed within 40 s and without
excessive contact forces. This threshold was introduced
as an experimental evaluation criterion based on
observations to separate successful executions from cases
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with prolonged self-correction or near-stagnation. It
should not be interpreted as a target construction cycle
time for practical on-site deployment.

5.2 Results

The learned RL policy proved capable of consistently
assembling and disassembling the joint without human
intervention [14]. As summarized in Table 2, a success
rate of more than 90% was achieved. The typical
insertion took about 15 s, whereas the disassembly took
about 10 s. As expected, the tighter fit (0.2 mm) on raw
timber was slightly less reliable than a looser 0.3 mm fit
and required more assembly time due to more recovery
motions. However, when the timber was waxed (lower
friction), the 0.2 mm clearance performed almost as
efficiently and robustly as a looser fit. This trend is
further supported by the 3D-printed parts: despite a gap
of only 0.1 mm, their smoothness and geometric
precision yielded high success and acceptable assembly
time. The high standard deviation (SD) in assembly time
of Groups 2—4 is due to the many recovery attempts due
to the tight-fit gap. Overall, these observations suggest
that the RL policy can accommodate small clearances,
but extremely tight fits may still risk occasional hang-ups
unless friction is mitigated.

Table 2. Results of real tests

Group 1 2 3 4
Material Timber Timber  Timber 3D-
(waxed)  Print
Tolerance 03 02 0.2 01
[mm]
Successful
Trials 2020 18/20  19/20  19/20
[-]
1 1 *
M'”'[I]'me 123 126 125 131
H *
Max'[sT]'me 165 332 39.7 385
H *
Mea”[sg'me 144 168 155 16.1
D [TS']me* 11 55 6.4 5.7

* Computed over successful trials.

Figure 4 illustrates the rotational angles of the timber
parts relative to the target orientation of six typical trials
in the real tests, which represents the progression from
initial pose (0°) to full insertion (28°). The trials begin in
slightly misaligned states due to the AprilTag pose
estimation error. A typical successful assembly is shown
by Trial 3, which took about 12.5 s. Trial 4 shows a
situation in which the policy encountered difficulty but
succeeded in continuing the assembly after multiple self-



correction attempts. Trial 1 and Trial 6 show the situation
that one arm advanced deeper than the other and the
controller performed a brief back-off with the leading
arm to re-establish symmetric insertion depth. It then
resumed forward motion with both arms synchronized
and proceeded smoothly to full seating, although still
categorized as unsuccessful due to exceeded assembly
time. Trial 2 and Trial 5 show a representative failure
case, in which the policy tried to withdraw the tenons
after entering a contact state from which it did not recover
and reached torque limit. The tests show that the failure
cases arise from out-of-distribution (OOD) contact states.
In particular, small deviations in the actual pose, surface
roughness, and geometric imperfections lead to joint
torque and robot pose combinations that were
insufficiently represented during training. In such states,
the learned policy may either continue insertion, which
increases resistance and triggers the joint-torque safety
limit, or prematurely withdraw from a still-recoverable
insertion state and abandon the assembly attempt.

In all successful trials, the joint could be disassembled
without difficulty, confirming its reusability. Importantly,
after multiple times of assembly and disassembly, the
timber surfaces showed nearly no wear. This suggests
that the learned gentle insertion strategy, combined with
the chamfered edges and controlled contact forces,
avoids significant damage to the wood.

—e— Trial 1, Group 2, failure on time limit
Trial 2, Group 2, failure on torque limit

Angles [°]

—<— Trial 3, Group 3, success

Trial 4, Group 3, success
—— Trial 5, Group 3, failure on torque limit
—v— Trial 6, Group 4, failure on time limit

0 10 20 30 40 50 60
Time [s]

Figure 4. Rotational angles of timber parts in real
tests.

6 Conclusion and Outlook

A novel curved mortise-tenon timber joint that
enables non-sequential robotic assembly was introduced,
along with a dual-robot RL-based assembly strategy. The
curved and non-sequential joint design provides
reusability and kinematic self-locking, and improves
stress distribution under loading and is therefore ideal for
robotic assembly and disassembly of timber structures.
By training a PPO policy with extensive domain
randomization, the robots successfully performed the
complex multi-contact insertion without predefined
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alignment or force-control heuristics. The achieved
success rate of more than 90% validates both the joint
concept and the control approach.

Future work will explore improved joint geometries
that simplify machining or further increase tolerance to
wood expansion. In addition, mechanical tests will be
conducted to validate the mechanical performance of the
proposed curved joints. Integrating real-time vision or
tactile feedback into the policy (e.g. through online
learning or adaptation) could make the system even more
robust to changes such as humidity or wear. Additionally,
scaling up to full-scale timber assembly (e.g. with spider
cranes as in [5]) and multi-joint assemblies (where a
robot might assemble several of these connections on one
component) is an important next step.
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