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ABSTRACT: In digital timber construction, scanning technologies and point cloud data are
widely used due to the accessibility of affordable 3D sensors, photogrammetry, and user-friendly
CAD tools. While typically not employed for accuracy checks in timber fabrication due to the pre-
cision of standard machinery, experimental research and prototyping with joinery and assembly
can benefit from precision and accuracy evaluation tools.

We introduce diffCheck, a C++/Python software integrated into Grasshopper to address this
need. It uses advanced point cloud analysis to compare scans of fabricated timber structures with
their respective CAD models, helping to identify discrepancies. Tested on various timber ele-
ments and digital fabrication methods like robotic assembly, AR-assisted woodworking, and CNC
machining, diffCheck aims to establish a user-friendly benchmark framework for digital fabrica-
tion systems using timber components, with the potential to find applications in other materials.
Its source code and the analyzed data are openly shared with the digital fabrication community
under a permissive license.
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1 INTRODUCTION

In recent years, the availability of 3D scanning technologies has multiplied, with costs decreasing
and accessibility improving. This proliferation of scanning tools has led to a significant increase
in the amount of data that can be captured from physical objects. While the acquisition of scans
has become easier, the processing of such raw scan data into useful insights for quality assessment
remains complex. Existing workflows often require users to navigate through multiple software
platforms: one to generate CAD models, another to clean and process scans, and yet another to
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perform the comparison itself. This fragmented process can be cumbersome and time consuming
for everyday digital makers and advanced users. Hence, we identify a lack of a unified platform
that can streamline these tasks into a cohesive and user-friendly pipeline. In addition, despite the
value of a generic scan-to-model comparison, timber fabrication has unique requirements for scan-
to-CAD evaluations. Unlike other materials, timber construction often involves irregular shapes,
organic growth patterns, and complex joinery, all of which demand specialized metrics to com-
pare scans with digital models. A one-size-fits-all approach might not be sufficient for assessing
timber fabrication, requiring tailored benchmark systems. A unified platform designed for digital
makers in timber construction could significantly enhance the accessibility of these evaluations
among digital fabrication developers. Hence, we propose diffCheck (DF), a C++/Python powered
plug-in for Grasshopper that allows the user to identify discrepancies across point clouds and 3D
models of individually machined timber pieces featuring various joints and fully assembled timber
structures. The proposed software aims to make easy-to-use benchmarking software accessible for
fabrication processes involving timber structures. DF provides online documentation [1], and its
code is open source and shared with the community [2].

In the following, we present a comprehensive review of current scan-to-CAD evaluation
methodologies for timber constructions, along with an overview of existing software tools for
scan post-processing and manipulation. We then introduce the architecture and key functionalities
integrated into DF. Next, two experimental DF’s applications involving real-world timber digital
construction scenarios are introduced, focusing on both additive (i.e. robotic or manual assembly)
and subtractive processes (i.e., cutting and milling). Finally, we outline potential future devel-
opments for the tool, including expanding its functionality to support more complex fabrication
workflows.

2 RELATED WORKS

The state-of-the-art review is divided into two paragraphs, each addressing key research areas
to which the DF aims to contribute. The first focuses on works related to fabrication evaluation
in timber construction via scanning. In contrast, the second examines the open-source CAD-
integrated point cloud processing plug-ins and free software available to this date.

2.1 Timber fabrication evaluation

Timber fabrication is not new to the use of scanning and sensing systems to ensure quality con-
trol. Free-form glulam production, similar to round wood manufacturing, is hindered by the lack
of clear reference points. This called for early adoption of scanning techniques and point cloud,
often live, processing to better align virtual models with the physical production of such elements.
Consequently, this has led to the development of several point cloud-based sensing workflows
[3, 4, 5, 6]. Digital assessment through scan-CAD can gauge differences between robotic milling
of timber joinery against standard CNC tools [7], or whenever a 3D model exists for any manu-
ally worked element. Concerning robotic manufacturing and assembly, scan-to-CAD comparison
methodologies can be employed to evaluate the accuracy of the process, as errors can occur due
to specific material behavior or operations [8], human agents [9], or large scale prototyping [10].

2.2 Existing scan processing tools

Rhino’s Grasshopper (GH) environment has recently been populated with multiple scan pro-
cessing plug-ins. Point Cloud Components [11] is one of the very first to propose point cloud
processing and geometry-to-scan preliminary tools originally for landscape applications. Volvox
[12] proposes more advanced methods such as cropping, merging, and sub-sampling, and it tack-
les generic scan-CAD comparisons for some study cases at the building scale. It is also worth
mentioning Tarsier [13], a small-scale open-source project primarily utilized for point cloud visu-
alization from sensing devices. Cockroach [14] is the first umbrella plug-in regrouping multiple
external point cloud processing libraries, presenting an extensive, yet, as the rest of the mentioned
plug-ins, very generic post-processing tool-set. Beyond the limitations of CAD, two of the most
widely recognized free solutions for scan processing and comparison are CloudCompare [15] and
MeshLab [16]. Both provide an extensive range of functionalities, with CloudCompare being
particularly adept at detecting discrepancies between point clouds and other data types, such



Figure 1.: A data flow diagram illustrating the composition and distribution of DiffCheck.
Leveraging Rhino’s CPython interpreter, most of the source code is modularly developed and
distributed, enabling a streamlined, user-friendly installation process within Grasshopper.

as meshes or between point clouds. While these tools offer flexibility through plug-in systems
and Python wrappers, they lack seamless integration within CAD environments. When switching
between multiple software, we lose crucial semantic information necessary to track specific fea-
tures of our timber components, such as joint faces or individual assembly elements, which are
important in the fabrication process.

3 METHODOLOGY

DiffCheck (DF) is a Grasshopper (GH) plug-in, built on a C++ core library, designed to detect
discrepancies between point clouds and 3D models of both individually machined timber com-
ponents with joints and fully assembled timber structures. The source code of the presented
software is open, and accessible under a GPL-3.0 license in its public repository [17]. This chapter
overviews DF’s software architecture, underlying philosophy, and key functionalities.

3.1 Software architecture

The software architecture of DF is organized into three main sections. The first foundational
portion of the source code is represented by a C++ umbrella library regrouping low-level depen-
dencies such as Open3d [18], CGAL [19] and Cilantro [20] which power the back-end of the most
complex and demanding computational functionalities DF can offer. This portion is wrapped into
the second DF’s component: an API written in Python 3.9.1 and distributed via PyPI (Python
Package Index). Finally, the GH Python-based plug-in represents only the top-level visual script-
ing DF interface.

With the release of Rhino v.8 [21], which integrates CPython into its .NET ecosystem, we
developed a fully Python-based Grasshopper (GH) plug-in. Distributed via Rhino’s official Yak
manager, the plug-in requires no additional installations from the user. Similar to the Compas
framework [22], the plug-in’s components are .ghuser objects. This design offers significant
advantages for continuous integration (CI) practices, enabling automatic documentation for each
component. Moreover, we believe that a full-fledged Python Grasshopper plug-in increases the
likelihood of broader contributions. Python’s simplicity and widespread use make it more acces-
sible to a larger public. The generated and distributed components are flagged for Rhino’s CPython
interpreter to automatically download and use a specific version of the DF PyPI package’s relevant
version. This approach allows most of the plug-in’s source code to be shipped as a standalone
Python package, resulting in a more lightweight, modular, and user-friendly installation while
decoupling the development and distribution environment as shown in the scheme in Fig. 1.



3.2 diffCheck’s functionalities

We have designed the plugin with a modular structure to make DF broadly applicable and allow
users to customize their evaluation pipelines. Users can tailor their workflows by assembling and
combining different components to fit specific project needs. For the most part, DF operates as a
general-purpose point cloud processing tool, offering a suite of functions that can be applied to a
wider range of applications outside the currently proposed scope. Some key functions available
in DF include removal of point cloud outliers, down-sampling, registrations and clustering, brep-
or mesh-to-cloud sub-sampling, and point cloud I/O utilities. This very first flexible foundation
of DF is complemented by specific data substructures designed to represent the intricacies of
timber structures at different scales. At the beginning of every process, the entire CAD model
is parsed into a DFAssembly object, which registers all the distinct elements (DFBeam), detects
all their joints (DFJoint), and terminates by refining the joint’s structure into its composing faces
(DFFace). In addition to the modular components for analyzing assemblies and joints, DiffCheck
includes a dedicated error computation tool. This specific component is designed to compute
and quantify discrepancies between the point cloud and DF’s model objects, providing detailed
error metrics. Key functionalities of this component include overall error calculations, threshold
settings, error categorization, and heatmap visualization. This error computation tool ensures that
users can thoroughly evaluate the precision of their projects, offering clear, actionable insights
within the CAD environment.

By leveraging modular point cloud processing components, internal data structures, and precise
error analysis, DF provides tailored workflows that assess the accuracy and quality of timber
fabrication at various stages. The following section presents a selection of study cases where DF
is used to create specific evaluation pipelines for assembly and subtractive processes (e.g. cutting
or milling) in timber construction.

4 EVALUATION

In this chapter, we provide two relevant study cases of digital manufacturing and assembly pro-
cesses in timber construction that demonstrate how DF can provide insights to evaluate the result-
ing fabricated elements. The employed point clouds are obtained using a hand-held solid-state
infra-red LiDAR scanner (FARO®Freestyle2) with resolutions close to 0.5 mm. All the evalu-
ation material is made accessible via a public Zenodo repository [2]. We also provide hands-on
tutorials for each presented evaluation pipeline in our online documentation [1].

4.1 Assembly studycase

In this section, we present three case studies of non-standard timber assemblies and their accuracy
evaluation with quantitative metrics provided by DF. To demonstrate the versatility of DF we
will present: (a) a roof structure detail connected with half-lap scarf joints and half-lap cross
joints that were manually fabricated with Augmented Reality (AR) assistance and assembled with
the aid of standard construction tools and equipment, (b) a frame structure with four wood logs
connected with half-lap cross joints, as well as (c) a 2-robot cooperatively assembled spatial
structure with a total of thirteen elements of square section connected through bolted face lap
joints. Two ABB GoFa CRB 15000-5 with a 0.95-meter reach were used for the robotic assembly.
Once the structure is assembled, a point cloud is acquired using the scanning device described
above. Depending on the resolution of the scanning device of choice and the processing power
of the computer used, we propose down-sampling the acquired point cloud with DF using a user-
variable factor.

Let Pd,s represent the down-sampled, scanned source cloud, and Pt represent the target point
cloud sub-sampled from the CAD model. The first step of the evaluation process with diffCheck
is to register Pd,s to Pt. This initial rigid transformation T1 : R3 −→ R3 can be obtained by either
a set of fiducial markers or a DF’s RANSAC-based registration component. The transformation
obtained can be further improved using an Iterative Closest Point (ICP) refinement (Fig. 2.1).
With the two point clouds registered, P ′

d,s must now be segmented into clusters representing the
individual beams in the structure. This segmentation enables a one-to-one comparison for each
assembly element, ensuring that the displacement of each beam can be determined independently.
The transformed source point cloud undergoes first a normal-based segmentation producing a



Figure 2.: Illustration of the assembly evaluation: (1) the ground truth Pt and scanned Ps point
clouds are registered to the same reference system, (2) segmentation by normal and face associa-
tion, (3) each beam is finally detected within the scan.

given number of P ′
d,sseg, n representing the beams’ faces. Subsequently, for each beam face

Ptf of Pt, the closest and most similarly oriented segment P ′d, sseg is identified (Fig. 2.2).
Leveraging the geometric semantics of the CAD model, the detected faces P ′d, sf, n can then be
mapped back to the corresponding beam Ptb. This process produces a set of point clouds, each
representing an individual assembly element P ′d, sb (Fig. 2.3). Once the raw scan and the CAD
are pre-processed, we can evaluate the assembly error by computing a set of metrics based on
distance values between each P ′d, sb and Ptb: the mean of point-to-point distances, the mean
squared error, the standard deviation, as well as min/max deviation. These errors are visualized
with an adaptive color gradient in DF’s custom visualizer, either on Ps or on the target CAD
model.

Implementing this evaluation pipeline for the three case studies (Fig. 3) we observe a mean
member deviation between 3.7±1.3 mm for the robotic assembly, 8.9±7.9 mm for the roof segment
and 21.8±7.9 mm for the log frame. These measured errors should be understood as assembly-
specific metrics that can give the user further insights into the fabrication process and not as a
1:1 comparison between the different case studies as they vary substantially in scale, section,
and connecting logic. For instance, we can observe that the robotic assembly (Fig. 3.3) has an
overall lower mean error. However, the results of DF’s evaluation can also be used to identify
discrepancies in the placement between the two cooperating robots, small shifts that occurred
while fastening performed by humans in difficult-to-reach positions, and other errors resulting
from uncertain factors. Similarly, the roof assembly (Fig. 3.1) shows an overall low mean error
with two outlier elements with a mean error approx. 10x higher than the median. This can be
explained by a sizing discrepancy as these two beams have a different section profile than their
respective CAD model. The error measured by DF in this case is a combined placement and sizing
error. Nevertheless, the scan was correctly registered to the CAD model, and DF successfully
captured this incoherence.

The evaluation pipeline remains largely similar in all three cases of assembly, with only a
few differences. Specifically, in the robotic assembly the global registration can be omitted in
place of the use of fiduciary markers because of the known transformation between the virtual
and real world. At the same time, in the other scenarios, this is not the case. Therefore, DF’s
RANSAC Global registration should first be applied to achieve a coarse alignment with Pt and
use that transformation to obtain P ′d, s. Furthermore, in the case of round timber logs (Fig. 3.2),
such irregular geometries are more challenging to approximate in digital space, hence we expect
higher errors both in the registration and error calculation of the assembly. It is worthwhile to
note that the precision in assembly in such cases, as in all structures that feature wood-wood
connections, relies heavily on the manufacturing precision of the joints, therefore an evaluation
of the individual joint precision is of relevance as shown in the following section.



Figure 3.: Illustration of the mean error results per element on the CAD model for three assembly
study cases: (1) roof structure segment crafted by augmented workers and assembled manually,
(2) frame structure with four wood logs connected by CNC-fabricated half-lap cross joints, (3)
spatial structure assembled by two robots and a human.

Figure 4.: Screen capture of the Rhino workspace. (1.a) and (2.a): close-ups on single joints, (1.b)
and (2.b) bottom: scan of the evaluated piece, above: 3d model and highlighted scan evaluation.

4.2 Subtractive study case

This section presents two subtractive study case sets where DF can inform and provide quantita-
tive insights into joints rather than the assembly. The first case study is a comparison between 3
squared section beams of 2 m length (Fig. 4.1) containing each 1 half-lap, 4 half-lap cross, and 1
butt joints machined with three different fabrication techniques: AR-guided manual circular saw
and chainsaw cutting, and a 5-axis CNC router (MAKA System BC 170). The second experiment
is meant to broaden the range of timber shapes that DF can accurately assess. Hence, we include
the analysis of 1 round wood beam (Fig. 4.2) fabricated by the same CNC milling machine. This
highlights a challenging scenario where the 3D model cannot be perfectly replicated in reality due
to the irregularity of the tree trunk.

DF enables analysis of joints at two distinct levels: i) per-joint, where it is the joint’s location
to be evaluated within the timber element, and ii) per-joint-face, in which the joint’s faces are
evaluated. These two levels correspond to two different types of errors. The first helps assess



Figure 5.: Representation of the per-joint and per-joint-face evaluations: (1) the ground truth Pt

and scanned Ps point clouds are registered to the same reference system, (2) segmentation phase,
(3a) per-joint, and (3b) per-joint-face processing.

the overall positioning of the joint, while the second informs the accuracy of execution of each
boundary cut of the joint.

As in the additive study cases, the evaluation pipeline commences by down-sampling (Ps
down−−−→

Pd,s) and aligning it to the corresponding sub-sampled point cloud of the 3D model (Pt):P ′
d,s =

T1(Pd,s) as illustrated in Fig. 5.1. DF provides RANSAC-based and ICP registrations [18] that
calculate this first transformation T1 : R3 −→ R3. Next, P ′

d,s is segmented based on the nor-
mals resulting in coherent point cloud segments presenting similar normal orientation P′

seg =
P ′
seg,1, P

′
seg,2, . . . P

′
seg,n (Fig. 5.2). For the per-joint analysis (Fig. 5.3a), the closest and most

similarly oriented P ′
seg is found for each Pt’s joint face Ptf . The points of P ′

seg that are perpendic-
ularly projectable onto Ptf within a user-defined tolerance, are then grouped into one point cloud
P ′
d,sf . All the P ′

d,sf, n belonging to the same joint are grouped into a single point cloud P ′
d,sj.

This produces an ensemble of P ′
d,sj that can be directly compared with the 3D model’s target joint

Ptj to derive per-joint metrics. To obtain the per-joint-face metrics (Fig. 5.3b), we employ P ′
d,sj,

obtained during the previous step, to calculate a single transformation T2 : R3 −→ R3 between
P ′
d,sj and Ptj. This transformation is then applied to each P ′

d,sf, i associated with P ′
d,sj. This step

eliminates any overall displacement between the joint’s ground truth and the corresponding scan
segments. Eventually, the error distances between P ′

d,sf ’s points and the corresponding Ptf can
be computed to obtain per-joint-face values.

The results produced by the proposed pipelines are illustrated in Figure 6. As it could be
expected from a fabrication technique standpoint, DF’s error analysis reflected the accuracy of
the tools by quantifying it: CNC-cut joints were the closest to the 3D model with an error value of
1.5±1.0 mm, directly followed by the AR-guided circular saw (1.9±0.8 mm), while chainsaw cuts
had the largest deviation from the 3D model (3.2±3.1 mm). Additionally, DF highlighted the best-
executed joint among the four beams, which was the CNC-cut squared element with a 1.1±0.8
mm, while the less accurate joint belongs to the chainsaw-cut element (5.1±5.2 mm). Considering
the per-joint-face evaluation (Fig. 6), the mean error for the face cut with the CNC, circular saw,
and chainsaw were 0.9±0.8 mm, 0.8±0.8 mm, and 1.6±3.2 mm respectively. Overall, among the
faces evaluated by DF on this dataset, the best ones belong to the CNC-cut squared and round
wood elements (0.3±0.7 mm and 0.3±0.3 mm respectively). The most defective cut belonged to
chainsaw cutting with an error close to 12.7±6.1 mm. Moreover, DF’s benchmark highlighted a
shared trend among all the examined fabrications: the positioning of the joints exhibits a greater
error compared to the execution of the joints themselves. Finally, in the case of the CNC-cut
round wood, DF was able to analyze the joints and produced results comparable to the squared
beam cut with the CNC (1.8±1.1 mm), demonstrating a capacity to detect and analyze joints in a
more organic shape, such as a round wood beam, by filtering the noise produced by e.g., the log’s
irregular portions of the bark.



Figure 6.: DF’s analysis at joint and joint’s face level on a total of 24 joints composed by 70
individual faces.

5 CONCLUSIONS

We have introduced an open-source and user-friendly software solution that simplifies and democ-
ratizes the processing of scan data to evaluate timber structures, thereby assessing their fabrication
processes. By providing a set of documented and accessible pipelines in visual scripting, based on
real-scale timber structures and mock-ups, we guide entry-level users through evaluating digital
processes in timber construction both in additive and subtractive domains. The modular and flex-
ible design of DF, paired with its specialized tools for assembly and joint analysis, can promote
reproducibility and accessibility in open science practices for digital fabrication. Given the inter-
disciplinary nature of digital construction, which includes computer science, human sciences, and
construction heuristics, it’s often difficult to allocate adequate resources for thorough scientific
evaluation. This tool seeks to address those challenges and streamline the evaluation process.

Looking ahead, we aim to enhance the software’s capabilities and extend its use to a wider
array of timber structures. For example, the integration of finer-grained features, such as precise
handling of holes and curved shapes, is not yet fully realized in the current version. Additionally,
future research could explore adapting the DF’s tool-set for real-time feedback in robotic fab-
rication, paving the way for intelligent processes and seamless benchmark data integration. This
could broaden its appeal to a larger community of robotic system developers and users, expanding
its impact across the digital fabrication landscape.
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