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Abstract 

Inching-locomotion caterpillars (ILAR) show impressive environmental adaptation, having high dexterity and flexibility. To 

design robots that mimic these abilities, a novel Bioinspired Robotic Design (BIROD) method is presented. The method is 

composed by an algorithm for Geometrical Kinematic Analysis (GEKINS) to standardize the proportional dimensions 

according to the insect’s anatomy and obtain the kinematic chains. The approach is experimentally applied to analyze the 

locomotion and kinematic chain of these specimens: Geometridae – 2 pair of prolegs (represents 35,000 species) and Plusiinae 

– 3 pair of prolegs (represents 400 species). The obtained data indicate that the application of the proposed method permits to 

locate the attachment mechanisms, joints, links, and to calculate angular displacement, angular average velocity, number of 

degrees of freedom, and thus the kinematic chain. Geometridae in contrast to Plusiinae, shows a longer Walk-Stride Length 

(WSL), a lower number of single-rotational joints in 2-D (3 DOF versus 4 DOF), and a lower number of dual-rotational joints 

in 3-D (6 DOF versus 8 DOF). The application of BIROD and GEKINS provides the forward kinematics for 35,400 ILAR 

species and are expected to be useful as a preliminary phase for the design of bio-inspired arthropod robots. 

Keywords: biomimetic, bio-inspired robot, engineering design, robot kinematics, inching-locomotion caterpillar,  

                  arthropod animals 

1. Introduction 

Many insect species show impressive environmental 

adaptive locomotion due to their technical features of 

morphology and evolved biomechanics for inching, climbing, 

crawling, swimming, rolling, and walking on various complex 

surfaces [1-6]. This has inspired the development of various 

bio-inspired robots that imitate certain physical as well as 

behavioral attributes [7-9]. For example, during the past years, 

bio-inspired crawling and climbing robots have been 

developed for various applications like maintenance, 

surveillance, and cleaning. Thus, researchers have succeeded 

in creating robots focusing on the bio-symbiosis concept [10, 

11] to enlarge their workspace and improve its flexibility and 

adaptability [12-14]. This concept has been applied to robotic 

mechanisms like wheels, legs, propellers, etc., with flexible 

multi-links and innovative adhesion pads based on the bio-

symbiosis concept, using rigid and compliant actuation 

components [15, 16].  

To improve the manipulability and mobility of robotic 

systems, the Worcester Polytechnic Institute (WPI) [17] 

performed an analysis on insect/animal species that have 

inspired the design of mechatronic systems [18]. The aim was 

to select the best option for designing the morphology of 

future robots. The study consisted of a comparison based on: 

mobility, manipulability, ease of control, mechanism 

simplicity, cost and power consumption, where the following 

robots were considered: a) Mobile robot with four bar links, 

b) Wall Climbing Robot, c) Flying Drone, d) Quadrupedal 

Robot, e) Inch Worm. Regarding the resulting data, the ILAR 

showed promising locomotion behavior, high flexibility, as 

well as mechanism simplicity. These results are encouraging 

indicators of high flexibility over surfaces or structures, 

moreover, its morphology provides high control dexterity for 

moving at any location and orientation.  

Since the 1990s [19], caterpillars have been inspiring the 

application in the robotics field integrating kinematic chains 

[20, 21]. The larvae of 2 main groups of species of 
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Lepidoptera caterpillars, Geometridae - Taxonomic 

Hierarchy: Family (that has 35,000 species – 2 pairs of prolegs 

“C-2PP”) [22-26] and Plusiinae - Taxonomic Hierarchy: 

Subfamily (that has 400 species – 3 pairs of prolegs  “C-3PP”) 

[27-32] can be found in many places around the world. To our 

knowledge, only 2 robotics projects worked on locomotion 

analysis and kinematic chain design of Geometridae (called 

“Inch-worm”) [33-35]. The locomotion of a novel specie, 

Plusiinae, which is similar to Geometridae, has not been 

analyzed previously, and although is similar to Geometridae, 

it has some morphological-technical different characteristics 

that also mark a great potential to be used in robotics. 

Moreover, to the best of our knowledge, no previous paper 

standardizes the proportional dimensions of kinematic chains 

for inching-locomotion caterpillars. 

A number of robot designs inspired by caterpillar 

locomotion have been developed from 1990  [36] up to the 

present day [37, 38]. A preliminary search was performed with 

respect to DOF, locomotion capability, and locomotion 

surface, as these are considered the main parameters observed 

in animal/insect walk-stride [39-42]. It is noted that in these 

designs, with median DOF is 5, most are capable of horizontal 

and vertical displacement on flat surfaces.  

This work proposes to study the inching-locomotion of two 

main groups of species of Lepidoptera caterpillars in order to 

use those kinematic chains for future works applying to the 

design of bio-inspired robots or mechatronic machines with 

the ability to perform tasks with high dexterity and flexibility 

and taking into consideration the features of reconfigurability 

and modularity. To this aim, a new algorithm is proposed for 

the experimental study of ILAR. Moreover, a comparative 

analysis is performed between the two species, Geometridae, 

and Plusiinae, taking into account: a) kinematic models and 

WSL, b) joint locations, c) D-H parameters, d) joint angle’s 

behavior – covering angular displacement (θ) and angular 

average velocity (ω), e) DOF in 2-D and 3-D. 

The remainder of the manuscript is organized as follows. In 

Section 2, materials and methods are described, and we 

introduce the BIROD methods and GEKINS algorithm for 

bio-inspired robot design of inching-locomotion caterpillars. 

In Section 3, the results are shown focusing on the 

biomechanical locomotion analysis of kinematic chains in 2-

D and 3-D, where joint angular’s displacement and velocity 

are described. In Section 4, the discussion is presented 

following comparisons with former similar robots. The paper 

ends with the conclusion and future works. 

2. Materials and Methods 

2.1. Materials 

2.1.1. Biological Material 

To perform this study, third-instar larvae of 2 species of 

Lepidoptera were used. All of them were maintained in the 

laboratory under high-quality environmental conditions, with 

temperature (18 – 22°C) and humidity (70 - 90%) [43]:  

 

a) Geometridae (represented by Sabulodes sp.) – 20 

caterpillars, obtained from 2 colonies located in La Molina, 

Lima (Peru, 12.0820° S, 76.9282° W) and Chosica, Lima 

(Peru, 12.0097° S, 76.9054° W). One subject was selected 

with a sample average MYL dimension (Taken it from 

between A5-A6 segments to T2 segment): 22 ± 0.2 mm, which 

can be rounded to 22 mm. 

b) Plusiinae (represented by Triclopusia, sp.) – 20 caterpillars, 

obtained from 2 colonies located in Cercado de Lima, Lima 

(Peru, 12.0464° S, 77.0428° W) and Chorrillos, Lima (Peru, 

12.1849° S, 77.0075° W). One subject was selected with a 

sample average MYL dimension (Taken it from between A5-

A6 segments to T2 segment): 20 ± 0.4 mm, which can be 

rounded to 20 mm. 

 

The two species that were collected, caterpillars of 

Sabulodes sp. (Geometridae) and Trichoplusia sp. (Plusiinae), 

are described in the next paragraphs focusing on the functional 

morphological part, which is directly related to the objective 

of our work. The larvae of Lepidoptera are elongated and 

cylindrical, it consists of three parts: head, thorax and 

abdomen. The head is a rounded and sclerotized capsule, 

where the mouthparts (mandibles, maxillae, and labium) and 

sensory organs such as antennae (chemoreceptors) and 

stemmata (single-lens visual organs) are located. In the inner 

part of the head, there are modified salivary glands, which 

produce silk, made of proteins, and used for aerial dispersal 

and shelter building. The thorax is made up of three segments, 

each of which has a pair of legs, which are made up of the 

following parts: coxa, trochanter, femur, tibia, tarsus, and 

claw. The abdomen is made up of 10 segments; most prolegs 

between the third and sixth segments and, in the tenth segment 

(anal prolegs). These prolegs, which are paired ventral 

muscled outgrowths of the body wall are used for locomotion. 

Between the segments of the thorax and abdomen, an 

intersegmental membrane allows elongation and contraction 

movements [44-47]. 

a. Sabulodes sp. (Geometridae) 

Represents the C-2PP. The morphology of the observed 

specimens of the Geometridae, as can be shown in Figure 1, 

presents three thoracic segments (T1, T2, T3), each one with 

a pair of legs, and ten abdominal segments. Prolegs are present 

at the sixth (A6) and tenth (A10) abdominal segments prolegs) 

[22]. For kinematic chain design purposes, the Main Body 

Length (MYL) means the summation of segment lengths from 

A8 to T2. 
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Figure 1. a) Geometridae Morphology, b) Sabulodes sp.  

The locomotion of Geometridae sp. describes a long stride 

(Appendix 1 – Figure A.1.):  

 

Long stride: fixed on the surface through the prolegs at A6 

and A10, the caterpillar stretches the thoracic segments and 

part of the abdomen. When it finds a safe place to hold on to, 

it does so with the thoracic leg claws, immediately retracting 

the rest of the body and placing A6 prolegs very close to T3, 

forming a dorsal hump with the rest of the body. Then, held 

with A6 and A10 prolegs, it stretches the thorax and part of 

the abdomen to search for the next holding point. 

b. Trichoplusia sp. (Plusiinae) 

Represents the C-3PP. The morphology of the observed 

specimens of the Plusiinae, as can be shown in Figure 2, 

presents three thoracic segments (located at T1, T2, T3), each 

one with a pair of legs, and ten abdominal segments. Prolegs 

are present in the fifth (A5), sixth (A6), and tenth (A10) 

abdominal segments [27]. For kinematic chain design 

purposes, the Main Body Length (MYL) means the 

summation of segment lengths from A5 to T2. 

 

 
Figure 2. a) Plusiinae Morphology, b) Trichoplusia sp.  

 

The locomotion of Plusiinae sp. describes long and  

short strides (Appendix 2 – Figure A.2.): 

 

1) Long stride: Attached to the surface through the thoracic 

legs, it contracts A7 to A10, bringing A10 prolegs closer to 

A6 and fixing them to the surface. It immediately raises the 

A6 prolegs and then A5 ones, stretching these segments and 

attaching itself to the surface by A6 prolegs first, then by A5 

ones. It then moves forward the abdominal and thoracic 

segments, attaches itself to the surface through the thoracic 

legs, raises A10 prolegs, then those at A6 and A5, moves 

forward a short space, and finally, lands A6 prolegs and then 

A5 ones. Once again, it rises A6 and A5 prolegs, arching the 

body as much as possible, forming an inverted "U" from T3 to 

A6, attaching its body through A6 and A10 prolegs. At this 

moment A5 prolegs are drawn close to T3 legs; A5 prolegs 

descend and at this moment the head and thorax rise over the 

surface; first T3 legs and then simultaneously T1 and T2 ones. 

Immediately the body stretches looking for support points for 

the thoracic legs. They attach themselves to these and can 

repeat the operation. Sometimes a variation is observed, 

where, resting on A10 prolegs, it rises A6 prolegs and then 

those at A5, then contracting the body and dragging A10 

prolegs in a single movement. 

 

2) Short stride: for this movement, holding onto the surface 

through the thoracic legs, it rises A10 prolegs and retracts the 

body, placing A10 prolegs next to A6 or as far as it decides to 

move. Attached to the surface with A10 prolegs, it lifts A6 

prolegs first and then those at A5, to immediately stretch these 

two segments. After this, prolegs at A6 descend, next A5 

prolegs do so too. It then immediately stretches the closest 

anterior segments forward and moves the thoracic legs 

forward. 

2.1.2. Experimental platform 

1. Three high-resolution cameras of POCO M4 Pro 5G 

(Xiaomi),  

2. One container where the larva’s movement is observed 

that measures 19 x 10 x 5.5 cm. 

3. One incandescent bulb placed over the platform: 20 

Watts, regulated below 1500 Lumens. 

2.1.3. Hardware and software 

1. Computer ASUSTeK, Processor AMD Ryzen 9 5900HX 

with Radeon Graphics. Video: Nvidia GEFORCE RTX. 

16GB RAM. Windows 10.  

2. CorelDRAW® version 2022. 

3. Matlab R2022b® Software with Robotics Toolbox 

developed by Peter Corke [48], which was 

formalized/coded by the simulation based on SerialLink. 

 

https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Undef&id=95186&lvl=3&keep=1&srchmode=1&unlock
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2.2. Method 

This study called the BIROD method, which covers a new 

proposal for geometric morphometrics analysis [49] and 

forward kinematics, applied for ILAR, has been performed 

following 6 steps (Figure 3):  

 

1. Caterpillar collection.  

2. Experimental observation by video recording.  

3. Choose the images from the video, selecting 8 PHAWS, 

and process them for scaling dimensions.  

4. Apply the novel GEKINS algorithm and use D-H 

convention to define the mechanical parameters. 

5. Biomechanical locomotion analysis in 2-D, where end-

effector position and joint angle’s behavior (angular - 

displacement / average velocity) are presented.  

6. Biomechanical locomotion analysis in 3-D, for kinematic 

representation.  

 

 
Figure 3. Workflow diagram of the BIROD method, beginning with the insect 

collection, until the biomechanical locomotion analysis in 2-D/3-D. 

Each of them was developed using terminologies of the 

ISO/TC 266 standard [50], taking into account biomimetic 

foundations for learning from nature, such as biomimicry, 

biomechanics, and bionics [51-54]. 

2.2.1. Caterpillar collection 

This method was tested on 2 specimens of Lepidoptera 

[43]: a) Geometridae (represented by Sabulodes sp.) – 20 

caterpillars, b) Plusiinae (represented by Triclopusia, sp.) – 20 

caterpillars. As described in section 2.2.1., all of them were 

maintained in the laboratory under good environmental 

conditions, also they were intact and healthy during the 

experiments, where 2 subjects were selected (1 by each 

species) due to their average MYL. 

2.2.2. Experimental observation by video recording 

During the experiments, up to 5 larvae were placed in the 

starting end of the container, and they were left there for one 

minute to adapt to the new environment. During the 

observation break between new specimens, the floor of the 

container was cleaned with water to remove any physical or 

chemical evidence of previous occupants. The experiments 

were conducted at night, the most active circadian phase for 

rhythmic feeding and locomotion [55]. This measuring 

equipment was emplaced indoors where temperature (18 – 

22°C) and humidity (70 - 90%) are early stable. 

A high-resolution video recording system was used for 

locomotion observation (tracking system) of caterpillars, 

essentially made up of a motion capture module, which has 3 

cameras, placed on 2 locations for frontal view, and 1 for top 

view. It records at a speed of 60 fps with a resolution of 1920 

x 1080 pixels (50 MP). The visual field of the camera is about 

19 x 10 cm. Providing that the image resolution of the camera: 

1920 x 1080 pixels, the real-world resolution is approximately 

10 pixels/mm, which is enough to reach satisfying results 

(Figure 4). Lighting was controlled with 1 incandescent bulb 

placed over the platform: 20 Watts, regulated below 1500 

Lumens, to reduce injuries to the specimens. The light was 

turned off periodically during the photographic sessions to 

avoid the habituation of the larva.  

 

 
Figure 4. Observational Platform. a) Dimensions, b) Lateral Video Capture, 

c) Top Video Capture. 
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2.2.3. Image selection and processing of PHAWS 

After taking the videos, the image processing was 

developed using CorelDRAW® (Other software could be 

used, such as: Adobe Illustrator, Photoshop, etc.). For scaling 

dimensions at 1:100, select t0-t7 PHAWS, which are the 

photograms that show different states of the insect. To get a 

specific location in 2-D space, a coordinate grid composed of 

the X and Y axis is placed above t0 to t7, where each square 

measures 100 mm x 100 mm (Appendix 1 – Figure A.1. and 

Figure A.2.). Note that due to the kinematic chain’s length in 

real life could change (From S₁ to S₂ ), in order to compare 

both insects, we consider re-scaling the real dimension to an 

adjusted length, so the new dimension is 24 mm (it implies 

that is a multiple of 8, where L is an integer number).  

 

Criteria to select the photograms of caterpillar’s PHAWS 

(Appendix 1): 

1. t0 - maximum length’s body amplitude/starting walk-

stride. 

2. t4 - minimum length’s body amplitude/body completely 

shrank. 

3. Divide the time elapsed between t0-t4, in 5 equal states, 

where the t1, t2 and t3 can be taken. 

4. t5 - head up. 

5. Divide the time elapsed between t5-t7, in 2 equal states, 

where the t6 can be taken. 

6. t7 – almost maximum length’s body amplitude/finishing 

walk-stride. 

2.2.4. GEKINS algorithm and D-H Convention 

The novel GEKINS algorithm proposed in the BIROD 

method is stated by inputs and outputs, also the kinematic 

modeling process of the caterpillars is divided into 6 steps, as 

shown in Appendix 2 - Table A). Note that, the caterpillar’s 

anatomy is flexible and can been modelled following the 

flexible robotics paradigm; however, the complexity of 

sensing and controlling flexible joints limits its applicability 

in practice, thus the current design analysis follows a multi–

rigid body system approach. The aim is to obtain a model that 

will allow the construction of physical robots using rigid 

materials that can be accurately and robustly controlled. 

Considering the aforementioned features, the robot's motion 

will not have the flexibility of the living creature, but 

following bio-inspiration behavior principles [56, 57], we can 

recreate a similar walk-stride. In addition, the kinematic 

chains are designed to be represented by a serial manipulator 

called articulated robot based on rotational joints.  

As shown in Figure 5, at the left are located the instructions 

for C-2PP, while at the right for C-3PP, and at the center the 

information that fits for both. Then process from step 1 to step 

4 is validated for 2-D modeling, then adding step 5, the 3-D 

kinematics are able to be defined. In addition, the outputs are 

used to perform the biomechanical locomotion analysis. Then. 

according to Figure 5, in order to locate each component of 

the Kinematic Chain: Before starting with Step 1 of GEKINS, 

the t0 phase was selected due to its maximum length – “B” (for 

Geometridae, 22 mm and for Plusiinae 20 mm, between S₁ 

and S₂) because during its locomotion the body works 

emulating an accordion. Note that Geometridae has 2 pairs of 

prolegs (C-2PP) guided by data shown in Figure 1, and 

Plusiinae has 3 pairs of prolegs (C-3PP) based on the 

information presented in Figure 2.  In addition, the process of 

kinematic modeling is explained in the following steps 

(Appendix 1 – Figure A.1. and Figure A.2.). Note that the 

GEKINS starts on the t0 phase, which means that first, Steps 1 

to 5 are applied on the t0 phase, then the method is reproduced 

from t1 to t7. 

STEP 1:  

Attachment Mechanisms - in this case, the Suction Cups (S) 

localization:  

- For C-2PP, S₁ between 2 prolegs (in the middle of A8 

segment), and S₂ in the middle of T2 segment. See the 

anatomy in Figure 1.  

- For C-3PP, S₀ between 2 prolegs (in the middle of A8 

segment), S₁ between A5-A6, and S₂ in the middle of T2 

segment. Try to put them in the middle of the body height 

(between the surface - head/tail’s top), also it is 

recommended that the Suction Cup’s top must be inclined 

regarding the leg’s/proleg’s direction. See the anatomy in 

Figure 2. 

STEP 2:  

Define the length “B” between S₁  S₁ and S₂ (For C-PP and 

C-3PP), which is equal to “8 x L, where L is the measure of 

the link from S₀ to J₀ (for C-PP) and J₃ to S₂ (for both 

caterpillars). 

STEP 3:  

Lateral Joint (JL) Location: 

- For C-2PP, draw a circumference of diameter 2 x L at the 

Suction Cups’ S₁ and S₂, then place J₁ at the right side of S₁ 

circumference, and J₂ at the left side of S₂ circumference. In 

addition, L has an angle of 90° formed with S₁ and S₂. 

- For C-3PP, adding the procedure developed for C-2PP, then 

take the S₀-top and S₁-top as the center of a circumference 

(diameter 2 x L), where they are intersected, locate J₀. 

- For both, at the center of J₁ and J₂, draw a circumference of 

diameter 6 x L Where both circumferences intersect, place 

the Joint J₂. 

STEP 4:  

Draw Links (Li). Consider that links L form 90° with Suction 

Cups S₀, S₁ and S₂, which can be defined:  

- For C-2PP, connect S₁ to J₁, J₁ to J₂, J₂ to J₃, J₃ to S₂.  

- For C-3PP, connect S₀ to J₀, J₀ to S₁, S₁ to J₁, J₁ to J₂, J₂ to 

J₃, J₃ to S₂. 
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Figure 5. GEKINS algorithm, covering Input (PHAWS) / Output (end-effector position and joint angular’s behavior) data, and the Steps (from the attachment 

mechanism location to the resulting parameters obtained by Denavit-Hartenberg convention) as well. Parameters in the diagram include:  Suction Cups (S), 

MYL is the distance between Suction Cup (S) 1 to 2, Lateral Joint (JL), Links (Li), Top Joint (JT), and θi, di, ai, αi are the parameters for D-H convention. 

Parameters are summarized in Appendix 2, Table A.
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STEP 5:  

Top Joint (JT) location:  

- For both, place the DOF using a top view in the same 

location as JL. 

STEP 6:  

The D-H convention is applied to obtain the table of 

parameters to define the geometry of the rigid body, which are 

for each joint [58]: θ, d, a, α. Regarding the angles θ, it is (+) 

positive when is formed rotating clockwise, but it is (-) 

negative when is formed rotating counterclockwise. The 

development of this convention, can be done according to the 

assigned values of θi and Li shown in Figures 6 and 7, where 

2 blocks of locomotion are defined during PHAWS: sequence 

H-T (the head is fixed and the tail location changes) and 

sequence T-H (the tail is fixed and the head location changes), 

so D-H parameters assigned in 2-D: “θ” are the values of θ1, 

θ2, θ3 (for C-2PP), while θ0, θ1, θ2, θ3 (for C-3PP); “a” 

represents the values of L, L₁, L₂ (for C-2PP), while l, L₀, L₁, L₂ 

(for C-3PP); finally “d” and “α” are equal to 0. On the other 

hand, the D-H parameters assigned in 3-D: “θ” are the values 

of θ1, θT1, θ2, θT2, θ3, θT3 (for C-2PP), while θ0, θT0, θ1, θT1, θ2, 

θT2, θ3, θT3 (for C-3PP); “d” values in H-T are LT1, LT2, but in 

T-H they are negative (for C-2PP), meanwhile in H-T are LT0, 

LT1, LT2, but in T-H they are negative (for C-3PP); “a” 

represents the values of L, L₁, L₂ (for C-2PP), while L, L₀, L₁, 

L₂ (for C-3PP); and finally “α” represents in H-T the following 

sequence -π/2, π/2, -π/2, π/2, -π/2, 0, but in T-H they have the 

opposite signs (for C-2PP), meanwhile in H-T are -π/2, π/2, -

π /2, π/2, -π/2, π/2, -π/2, 0, but in T-H they have the opposite 

signs (for C-3PP). Note that the current D-H convention uses 

the updated notations referred in the book titled Robotics, 

Vision and Control written by Peter Corke, et al [59, 60] which 

is based on the study performed by J. Denavit and R. S. 

Hartenberg in 1995 [61]. 

2.2.5. Biomechanical locomotion analysis in 2-D 

To develop this analysis, the homogeneous transformation 

matrix was defined as “H” (equation 1): 

       H𝑖 = [
𝑅₃ₓ₃
𝑓₁ₓ₃

  
𝑝₃ₓ₁
𝑤₁ₓ₁]  = [

𝑅𝑜𝑡𝑎𝑡𝑖𝑜𝑛
𝑃𝑒𝑟𝑠𝑝𝑒𝑐𝑡𝑖𝑣𝑒

  
𝑇𝑟𝑎𝑠𝑙𝑎𝑡𝑖𝑜𝑛

𝑆𝑐𝑎𝑙𝑒
]  

where 𝒇₁ₓ₃ = [𝟎, 𝟎, 𝟎]   ;   𝒘₁ₓ₁ = 𝟏 

                         finally, 𝐇𝒊 = [
𝑹₃ₓ₃

𝟎
  

𝒑₃ₓ₁
𝟏

]                     (1) 

Note that, the representation of these matrices is used to 

calculate the forward kinematics of the kinematic chains for 

both species of caterpillars [62]. 

 

 

2.2.5.1. End-Effector Position 

The kinematic chain contains (depending on the specie): a) 

Suction Cups (S): S₀, S₁ S₂; b) joints: J₀, J₁, J₂ and J₃ (Revolute); 

c) links: L(2), L₀, L₁ and L₂. The motion process covers the 

formation of Angles: θ0, θ1, θ2 and θ3, which correspond to J₀, 

J₁, J₂ and J₃ respectively (Figures 6, 7, 11). 

With the D-H parameters obtained in step 6 of GEKINS, 

now they can be applied for the end-effector position (X,Y,Z) 

of both caterpillars during locomotion analysis, which is 

proposed to be divided into 2 main blocks of walk-stride, were 

both sequences are defined using the H-M, to address the 

principles of forward kinematics, where the idea conception 

of a serial robotic manipulator (with base and EOAT) can be 

stated in comparison with caterpillars, as follows: a) sequence 

H-T, the EOAT is fixed and the base location changes, 

meanwhile b) sequence T-H, the base is fixed and the EOAT 

location changes. Therefore, for end-effector location 

purposes, it must be located at the part of the caterpillar/robot 

that is not fixed at sequence H-T/T-H. 

a. Block 1: Sequence Head-Tail (H-T) 

The caterpillar moves the prolegs while the legs are fixed 

(Block 1) – See Figures 1 and 2 to locate the caterpillar’s 

anatomy. In addition, to understand the assigned values on the 

kinematic chain (θi and Li) used on H-M, see Figures 6 and 7. 

This sequence covers the phases: t0 - t4 of walk-stride. 

 

For C-2PP:  

1. θ3 is formed first. 

2. Then, θ2 is formed due to the prolegs (S₁) getting closer to 

the legs (S₂). 

3. After that, θ1 is formed because of the prolegs’ motion. 

 

For C-3PP: 

1. θ3 is formed first. 

2. Then, θ1 and θ2 are formed due to prolegs (S₀ and S₁) get 

closer to legs (S₂). 

3. After that, θ0 is formed because of the prolegs’ motion. 

 

In order to get the end-effector position (caterpillar’s tail) 

that is located at S₁ (for C-2PP) and at S₀ (for C-2PP) during 

the walk-stride. The following computations (shown in 

equations 2 and 3) must be performed: a) Solution of the H-M 

which regards each joint-angle. b) Multiplication of H-M from 

H3 to H0 (depends on the insect’s number of prolegs). c) 

Solution of End-Effector’s position. Note that H-M are 

multiplied following the order: from H3 to H1 (for C-2PP), 

while from H3 to H0 (for C-3PP), then is added the L value in 

the X axis.  
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If 1 ≤ i ≤ 3, use for both caterpillars. While if i = 0, then Li-1=L 

and use this only for C-3PP. So, the H matrix is represented 

by: 

 

     H𝑖 = [

cos 𝜃𝑖 − sin 𝜃𝑖 0 𝐿𝑖−1 ∙ cos 𝜃𝑖

sin 𝜃𝑖 cos 𝜃𝑖 0 𝐿𝑖−1 ∙ sin 𝜃𝑖

0 0 1 0
0 0 0 1

]          (2) 

Therefore, the end-effector’s position (“E”) in 3-D cartesian 

coordinate system, is represented by: 

                 E [

X
Y
Z
1

] = H3 ∙ H2 ∙ H1 ∙ H0 ∙ [

0
0
0
1

] + [

L
0
0
1

]          (3) 

b. Block 2: Sequence Tail-Head (T-H) 

The caterpillar moves the legs while the prolegs are fixed 

(Block 2) – See Figures 1 and 2 to locate the caterpillar’s 

anatomy. In addition, to understand the assigned values on the 

kinematic chain (θi and Li) used on H-M, see Figures 6 and 7. 

This sequence covers the phases: t5 - t7 of walk-stride. 

 

For C-2PP:  

1. θ1 is formed first. 

2. Then, θ2 is formed due to the legs (S₂) getting far from the 

prolegs (S₁). 

3. After that, θ3 is formed because of the legs’ motion. 

 

For C-3PP: 

1. θ0 is formed first. 

2. Then, θ1 and θ2 are formed due to legs (S₂) get far from 

prolegs (S₀ and S₁). 

3. After that, θ3 is formed because of the legs’ motion. 

 

In order to get the end-effector position (caterpillar’s head) 

that is located at S₂ (for both caterpillars) during walk-stride. 

The following computations (shown in equations 4 and 5) 

must be performed: a) Solution of the H-M which regards each 

joint-angle. b) Multiplication of H-M from H0 to H3 (depends 

on the insect’s number of prolegs). c) Solution of End-

Effector’s position. Note that H-M are multiplied by the 

following order: from H0 to H2 (for C-2PP), while from H0 to 

H3 (for C-3PP); then is added the L value in X axis. 

 

If i = 0, use this only for C-3PP, or if 1 ≤ i ≤ 2, use it for 

both caterpillars. While if i = 3, then Li=L and use for both 

caterpillars. So, the H matrix is represented by: 

 

              H𝑖 = [

cos 𝜃𝑖 − sin 𝜃𝑖 0 L𝑖 ∙ cos 𝜃𝑖

sin 𝜃𝑖 cos 𝜃𝑖 0 L𝑖 ∙ sin 𝜃𝑖

0 0 1 0
0 0 0 1

]          (4) 

Therefore, the end-effector’s position (“E”) in 3-D 

cartesian coordinate system, is represented by: 

 

                      E [

X
Y
Z
1

] = H0 ∙ H1 ∙ H2 ∙ H3 ∙ [

0
0
0
1

] + [

L
0
0
1

]          (5) 

2.2.5.2. Joint Angle’s Behavior 

This means the analysis of 2 parameters: angular - 

displacement (θ) and average velocity (ω). The values of θ 

present the motion process that covers the formation of 4 

joint’s angles: θ0, θ1, θ2 and θ3, which correspond to J₀, J₁, J₂ 

and J₃ respectively. Considering that each phase has 1 second, 

the angle displacement-equation can be obtained with the 

notation that angle data of PHAWS can be described as a 

straight line. Therefore, in order to get the average angular 

velocity, find the derivative of the angle displacement-

equation. 

2.2.6. Biomechanical locomotion analysis in 3-D 

Then, following the last step of the GEKINS shown in 

Figure 5, now the D-H analysis is applied in 3-Dimensions. It 

consists of the joint location using a top view, so the final 

kinematic chain configuration contains dual rotational joints 

(DRJ), where in Figure 14: (a) means Block 1 (Sequence H-

T) locomotion, and (b) means Block 2 (Sequence T-H) 

locomotion. Both blocks are represented by D-H parameters: 

“θ” are the values of θ1, θT1, θ2, θT2, θ3, θT3 (for C-2PP), while 

θ0, θT0, θ1, θT1, θ2, θT2, θ3, θT3 (for C-3PP), we named as a TVA; 

“d” values in H-T are LT1, LT2, but in T-H they are negative 

(for C-2PP), meanwhile in H-T are LT0, LT1, LT2, but in T-H 

they are negative (for C-3PP); “a” represents the values of L, 

L₁, L₂ (for C-2PP), while L, L₀, L₁, L₂ (for C-3PP); and “α” 

represents in H-T the following sequence -π/2, π/2, -π/2, π/2, 

-π/2, 0, but in T-H they have the opposite signs (for C-2PP), 

meanwhile in H-T are -π/2, π/2, -π/2, π/2, -π/2, π/2, -π/2, 0, but 

in T-H they have the opposite signs (for C-3PP).  

Furthermore, these Joints are added: JT0 (for C-3PP), JT1, 

JT2, JT3 (for both species). Therefore, to obtain the digital 

kinematic chain representation, Matlab® with Robotics 

Toolbox developed by Peter Corke [48] was used (It is adapted 

to the variables used in GEKINS). Other simulation software 

can be used, such as: CoppeliaSim, ROS, GIM, ADAMS, etc.  

Note that the analysis of joint’s angular - displacement (θ) 

and average velocity (ω) was not developed in this section, 

because it is observed that the caterpillars have high flexibility 

on Top View Angles (TVA). Therefore, it is considered that 

there is no limited range for TVA, but with the purpose to 

reproduce on a robotic system, the limits can be added 

depending on each research. 
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3. Results  

According to the data obtained using the GEKINS on the 

two caterpillar species (Geometridae and Plusiinae), in this 

section are described the most important comparisons between 

them based on 2-D and 3-D. It is important to define that each 

specie has the same kinematic chain from S₁ to S₂, which 

permits the comparison of J₁, J₂, J₃ and θ1, θ2, θ3 of 

“Geometridae / Plusiinae”. This means that Plusiinae has a 

back portion on its body that is different from Geometridae, 

and because of that reason, S₀ and J₀ belong to Plusiinae. 

Another feature regards that due to each specie has a different 

length, the re-scaling is proposed and applied to the analysis, 

getting the result that each insect has the same MYL 

dimension from S₁ to S₂, which is: 24 mm. In order to get better 

results that could be used as an input parameter for robot 

design and programming: each PHAWS (t0-t7) has 1 second of 

duration. 

3.1. Biomechanical Locomotion Analysis in 2-D 

3.1.1. Kinematic chain design 

This process for both species is shown in Appendix 1 and 

Appendix 2 respectively, where the information is presented 

as follows: column “a”- the images of 8 locomotion (t0-t7) 

PHAWS, then column “b”- the location of the attachment 

mechanisms, joints and links, finally the column “c” – J₀, J₁, 

J₂, and J₃ location in 2-D (X,Y), where a coordinate grid 

composed of the X and Y axis is placed above from t0 to t7, 

where each square measures 100 mm x 100 mm, also the scale 

is 1:100. 

As it is shown in Appendix 1, for Geometridae, the WSL 

measures 14,43 mm (From t0 Phase – S₂  Suction Cup location 

to t7 Phase – S₂  Suction Cup location) and MYL in real life is 

22 mm, while in adjusted scale is 24 mm. Also, in Appendix 

2, for Plusiinae, the WSL measures 13,82 mm (From t0 Phase 

– S₂  Suction Cup location to t7 Phase – S₂  Suction Cup 

location) and MYL in real life is 20 mm, while in adjusted 

scale is 24 mm. Note that in t0 Phase, S₀ starts in (0,0). 

3.1.2. Joint (JL) location  

The data shown in Appendix 3 – Table B is about the 

specific locations of each insect during locomotion (based on 

Figures 6c and 7c), which is used to present 3 graphics about 

joint location, considering that the kinematic chain of 

“Geometridae – from Joint 1 to Joint 3” is the similar to 

“Plusiinae – from Joint 1 to Joint 3”: Figure 6a) J₁ 

(Geometridae) vs J₁ (Plusiinae), getting the result of 

Geometridae’s joint is located ahead of Plusiinae’s joint in 

each phase, and equals in t0. Figure 6b) J₂ (Geometridae) vs J₂ 

(Plusiinae), getting the result of Geometridae’s joint is located 

ahead of Plusiinae’s joint in each phase, except in t5 and t6, 

and equals in t0. Figure 6c) J₃ (Geometridae) vs J₃ (Plusiinae), 

getting the result of Geometridae’s joint is located behind 

Plusiinae’s joint in t5 and t6, ahead of Plusiinae’s joint in t7, 

and equals from t0 to t5. Therefore, regarding the stride length 

of each insect: the Geometridae got 14.43 mm, and Plusiinae 

got 13.82 mm, which shows that the stride path of 

Geometridae is greater.   

Additionally, in Appendix 3 – Table B is presented the joint 

values of t0 = (0,0) – (X, Y), due to the values of each phase 

are subtracted by the value of t0 shown in Appendix 1 and 

Appendix 2.  

Regarding the information presented in Figure 6, the joint 

location during a walk-stride is shown, the axis are X-Y and 

the measurements are in millimeters. As it is shown in 

Appendix 3 – Table B, and in Figure 6, J₁ for Geometridae 

finishes at 14.86 mm-X and 0.00 mm-Y, and achieves the 

maximum peak at (t4) 14.86 mm-X and 1.68 mm-Y, whereas 

for Plusiinae finishes at (t4) 13.76 mm, and achieves the 

maximum peak at 13.45 mm-X and 1.91 mm-Y. Also, J₂ for 

Geometridae finishes at 14.65 mm-X and 1.31 mm-Y, and 

achieves the maximum peak at (t5) 7.84 mm-X and 7.99 mm-

Y, whereas for Plusiinae finishes at 13.79 mm-X and -0.13 

mm-Y, and achieves the maximum peak at (t4)  

10.32 mm-X and 7.17 mm-Y. Finally, J₃ for Geometridae 

finishes at 14.43 mm-X and 0.00 mm-Y, and achieves the 

maximum peak at (t5) 7.05 mm-X and 5.03 mm-Y, whereas 

for Plusiinae finishes at 13.82 mm, and achieves the 

maximum peak at (t5) 10.05 mm-X and 6.40 mm-Y. 

In summary, when comparing kinematic chains for 

Geometridae and Plusiinae, it is observed that: 

- Both species have the same kinematic chain from S₁ to S₂, 

which permits the comparison of J₁, J₂, J₃ and θ1, θ2, θ3 of 

both insects.  

- The back portion of the body and the length is higher for 

Geometridae (22 mm) than for Plusiinae (20 mm). 

- The WSL is greater for Geometridae (14.43 mm) than for 

Plusiinae (13.82 mm) 

- Geometridae’s joint is located behind Plusiinae’s joint in T5 

and T6, equal in T0 to T5, but in T7 the Geometridae is ahead. 

3.1.3. D-H convention 

a. Kinematic modeling for sequence H-T  

According to the data of t0-t4 in Figures 6 and 7, the D–H 

convention was applied, where frames and parameters can be 

shown in Appendix 4 – Table C and Figure 7 respectively. The 

base of the robot is placed at the right side (end of L next to 

J₃), meanwhile, the end-effector is located at the left side “X3-

Y3” frame for Geometridae and “X4-Y4” frame for Plusiinae. 

Note that D-H parameters θi, di, ai, αi are described in section 

2.2.4. 
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Figure 6. Comparative joint location. a) J₁, b) J₂, c) J₃. Note that Insect 1 is Geometridae and Insect 2 is Plusiinae. Note that axes units are measured in mm.

b. Kinematic modeling for sequence T-H  

According to the data of t5-t7 in Figures 6 and 7, the D–H 

convention was applied, where frames and parameters can be 

shown in Appendix 5 – Table D and Figure 8 respectively. The 

base of the robot is placed at the left side (end of L next to J₁ 

for Geometridae, and J₀ for Plusiinae), meanwhile, the end-

effector is located at the right side “X3-Y3” frame for 

Geometridae, and “X4-Y4” frame for Plusiinae). Note that  

D-H parameters θi, di, ai, αi are described in section 2.2.4. 

3.1.4. Joint Angle’s Behavior 

a. Joint angle displacement (θ) 

It is shown in Appendix 6 – Figure B for (i) Geometridae 

and (ii) Plusiinae, where the information is presented as  

follows: column “a”- the images of 8 locomotion (t0-t7) 

PHAWS, then column “b”- kinematic chain locomotion, and 

finally column “c” – angular displacement in degrees of each  

 

Joint. Note that the Joint angle’s behavior covers the angular 

displacement (θi) and average angular velocity (ωi). 

According, Figure 9: For (i) Geometridae, the motion 

process covers the formation of 3 Angles: θ1, θ2 and θ3, which 

correspond to J₁, J₂ and J₃ respectively. In addition, it is shown 

that θ1 range is from 5.10° to 77.56°; θ2 range is from -10,22° 

to -157.38°; and θ3 is from 5.11° to 107.55° (Appendix 6 – 

Figure B). For (ii) Plusiinae, the motion process covers the 

formation of 4 Angles: θ0, θ1, θ2 and θ3, which correspond to 

J₀, J₁, J₂ and J₃. In addition, it is shown that θ0 range is from -

21.95° to 18.40°; θ1 range is from 10.15° to 65.02°; θ2 range 

is from -150.19° to -20.10°; and θ3 range is from 9.37° to 

99.47° (Appendix 6 – Figure B).  

The comparison about angular displacement (θi) of 

Geometridae, and Plusiinae is shown in Appendix 7 – Table 

E. Additionally, in Figure 9a) θ1, Geometridae has a minimum 

value of 5.10° in t0 and a maximum value of 77.56° in t5, 

whereas Plusiinae has 10.15° in t7 and a maximum value of 
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65.02° in t3. In Figure 9b) θ2, Geometridae has a minimum 

value of -10.22° in t0 and a maximum value of -157.58° in t4, 

whereas Plusiinae has -20.10° in t7 and a maximum value of  

-150.19° in t4. In Figure 9c) θ3, Geometridae has a minimum 

value of 5.11° in t0 and a maximum value of 107.55° in t4, 

whereas Plusiinae has 9.37° in t7 and a maximum value of  

99.47° in t4. So, regarding this information, Geometridae, 

shows minimum values in t0 and maximum values in t5 (θ1) 

and t4 (θ2, θ3), and Plusiinae shows minimum values in T7 and 

maximum values in t3 (θ1) and t4 (θ2, θ3). Therefore, the 

observable main result is that Geometridae and Plusiinae have 

maximum angle values of θ2 and θ3 in t4.  

 

 
Figure 7. D-H frames of Kinematic Chain (2-D) for the locomotion: Sequence H-T: a) Geometridae and b) Plusiinae. 

 

 
Figure 8. D-H frames of Kinematic Chain (2-D) for the locomotion: Sequence T-H: a) Geometridae and b) Plusiinae.

b. Joint angular average velocity (ω) 

Taking into account that each phase has 1 second, and after 

the analysis of the graphics presented in Figure 9, the angle 

displacement-equation can be obtained with the notation that 

angle values in each phase (From t0 to t7) can be described as 

a straight line. Therefore, in order to get the equations, the 

slope and x/y axes intercept of each phase had to be resolved 

(Linear Interpolation), the results are shown in Appendix 8 – 

Table F. That information is useful to know that the angular 

displacement (θ0) described in each joint is proportional to the 

time increment/decrement. In addition, to obtain ωi, find the 

derivative of the angular displacement-equations before 

mentioned. 

As it is shown in Appendix 8 – Table F, regarding the 

angular average velocity (ωi) of:  

 

1. Geometridae: J₁ shows a range from -43.14 to 45.81 °/s, 

J₂ shows a range from -45.18 to 86.76 °/s, J₃ shows a 

range from -51.06 to 37.60 °/s. 

2. Plusiinae: J₀ shows a range from -20.88 to 40.35 °/s, J₁ 

shows a range from -33.80 to 39.39 °/s, J₂ shows a range  

from -57.63 to 87.31 °/s, J₃ shows a range from -34.20 to 42.67 

°/s. 

As shown in Appendix 8 – Table F, regarding the angular 

average velocity (ωi), Geometridae joint J₁ shows a range 

from -43.14 to 45.81 °/s, J₂ shows a range from -45.18 to 86.76 

°/s, and J₃ shows a range from -51.06 to 37.60 °/s. For 

Plusiinae, joint J₀ shows a range from -20.88 to 40.35 °/s, J₁ 

shows a range from -33.80 to 39.39 °/s, J₂ ranges from -57.63 

to 87.31 °/s, and J₃ ranges from -34.20 to 42.67 °/s. 

3.2. Biomechanical Locomotion Analysis in 3-D 

3.2.1. D-H convention 

In order to perform a 3-D analysis, the top views are shown 

in Figure 10, where the images are selected because they show 

anatomical high flexibility of both species. Then, keeping the 

same variables used until step 4 of GEKINS, now the Top 

View Angles (TVA) are added: θT0, θT1, θT2 and θT3; Joints: 

JT0, JT1, JT2, JT3; and Links: LT0, LT1, LT2 (θT0, JT0, and LT0 only 

for Plusiinae). Both blocks of walk-stride are represented by 

D-H parameters in Figure 11 and Appendix 9 – Table G, 

where is  
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Figure 9. Comparative Angle Displacement. a) θ1, b) θ2, c) θ3. Note that Insect 1 is Geometridae and Insect 2 is Plusiinae. Note that Y axis unit is (°). 

shown that the kinematic chain has 6 DOF (3 DOF – Dual 

Rotational Joints) for Geometridae, and 8 DOF (4 DOF – Dual 

Rotational Joints) for Plusiinae (Figure 10). 

The angle between the two shafts of dual rotational joints 

(DRJ) was determined by experimental observation. Due to 

the flexible nature of the inching-locomotion caterpillar 

(ILAR), performing an accurate measurement of this angle 

using video processing would have been very complex. 

However, using top view images of specimens was checked 

that this angle can be approximated to 90° degrees. Besides 

these 90° degrees angle facilitate the future construction of the 

robot and the implementation of industrial applications. DRJ 

were located following locomotion photograms per each 

specie (Appendix 1 – Figure A.1 and Figure A.2) 

 
Figure 10. Top views of a) Geometridae and b) Plusiinae Kinematic 

Chains. 
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Figure 11. Geometridae (i) and Plusiinae (ii) Kinematic Chains (3-D). D-H convention applied on Locomotion: a) Sequence H-T, b) Sequence T-H. 

 

3.2.2. Graphical simulation 

According to step 6 of GEKINS – Figure 5, the proportional 

dimensions of the links are: L₀=2L (Only for Plusiinae), L₁=3L 

and L₂= 3L (For both caterpillars). So, in order to obtain the 

digital kinematic chain 3-D representation, Matlab® with 

Robotics Toolbox was used, where SerialLink code was 

applied to implement the steps shown in Appendix 10 – Table 

H, where the data is adapted to the variables used in Appendix 

9 – Table G. Therefore, the 3-D Kinematic Model is presented 

in Figure 13 showing the PHAWS of each caterpillar-robot. 

3.3. Degrees of Freedom (DOF) in 2-D and 3-D 

Using the D-H convention, kinematic modeling in 2-D and 

3-D was possible. In addition, the simulation algorithms based 

on SerialLink() were coded in Matlab®. Regarding 

Geometridae, in 2-Dimensions, it has 3 DOF, and in 3-

Dimensions, it has 6 DOF (3 DOF – Dual Joints). On the other 

hand, Plusiinae, in 2-Dimensions, it has 4 DOF, and in 3-

Dimensions, it has 8 DOF (4 DOF – Dual Joints). The joints 

are rotational type, note that for 3-D development they can be 

implemented by universal joints. The kinematic chains have 

been figured out with outstanding precision for rigid links for 

inching-locomotion caterpillars. 

3.4. Quantitative Comparison of Kinematic Chains 

The Key Performance Indicators (KPIs) of this study lie in 

developing 6 main characteristics (shown in Table 1) for 

comparing locomotion between ILAR.  

Fastest Angular Velocity (FAV): a fast angular velocity 

means the need of an actuator with high performance; thus, it 

is preferable low values in this indicator to reduce the design 

requirements. This metric is measured in deg/s. 

Gait Velocity (GV): a walking ability that measures 

distance traveled divided by the time taken. In principle, 

robots with larger kinematic chains will move faster, thus the 

velocity will depend on the scale of the robot. To perform a 

comparison unaffected by the scale, this velocity is divided by 

the length of the kinematic chain. It is desirable to have a large 

value in this metric. This metric is measured in s-1. 

Workspace (WSP): a characterization of the reachable 

configuration’s locations of the end-effector. This is used to 

compute the Area of Workspace (AWSP). 

Area of the WorkSpace (AWSP): In order to obtain a 

numeric value, the total area of the WSP is computed. Again, 

in order to perform a comparison unaffected by the scale, this 

area is divided by π(KCL)2, where KCL is the length of the 

kinematic chain. Robots with larger WSPs are preferred. This 

metric is dimensionless. 

Maximum Working Range (MWR): is the distance to the 

point most separated in the space in which the robot's task can 

most naturally be expressed WSP. In order to perform a 

comparison unaffected by the scale, this metric is divided by 

the length of the kinematic chain. Robots with larger MWRs 

are preferred. This metric is dimensionless. 

Maximum Obstacle’s Height (MOH): denotes the ability 

of the robot to move around obstacles and it measures how the 

maximum obstacle's height that can be overpassed.  
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Table 1. KPIs of Kinematic Chains 

FAV 

𝑭𝑨𝑽 = 𝑴𝑨𝑿 (𝒘𝒋(𝒕𝒊))  𝒕𝒊 ∈ {𝒕𝟎, . . , 𝒕𝟕}, 𝒋

∈ {𝟎, . . , 𝟑} 

*Appendix 8 – Table F. 

GV [s-1] 

 

𝐺𝑉 =
𝑊𝑆𝐿

∆𝑡 ∙ 𝐾𝐶𝐿
   

 

∆𝑡 𝑚𝑒𝑎𝑛𝑠 𝑡𝑜𝑡𝑎𝑙 𝑡𝑖𝑚𝑒 𝑜𝑓 𝑤𝑎𝑙𝑘 𝑠𝑡𝑟𝑖𝑑𝑒 

𝑓𝑟𝑜𝑚 𝑡₀ 𝑡𝑜 𝑡₇  
 

WSP 

𝑾𝑺𝑷 = (𝒙, 𝒚) ∈ ℝ𝟐 | 𝑬(𝜽𝟎, . . , 𝜽𝟑). 𝒙𝒚, 

𝜽𝟎 ∈ {𝒌 ∈ ℝ| |𝒌| ≤ 𝟐𝝅}, … , 𝜽𝟑

∈ {𝒌 ∈ ℝ| |𝒌| ≤ 𝟐𝝅}, 

AWSP 

𝒇𝑾𝑺𝑷(𝒙, 𝒚) = {
𝟏, (𝒙, 𝒚) ∈ 𝑾𝑺𝑷 

𝟎, (𝒙, 𝒚) ∉ 𝑾𝑺𝑷
 

𝑨𝑾𝑺𝑷 =
𝟏

𝝅𝑲𝑪𝑳𝟐
∫ ∫ 𝒇𝑾𝑺𝑷(𝒙, 𝒚)𝒅𝒙𝒅𝒚 

*Appendix 1 – Figure A.1 and Figure A.2 

MWR 
𝑴𝑾𝑹 =

𝟏

𝑲𝑪𝑳
𝑴𝑨𝑿 (√𝒙𝟐 + 𝒚𝟐 )  ,  

(𝒙, 𝒚) ∈ 𝑾𝑺𝑷  

MOH 
𝑴𝑶𝑯 =

𝟏

𝑲𝑪𝑳
𝑴𝑨𝑿(𝒚), (𝒙, 𝒚) ∈ 𝑾𝑺𝑷  

*Appendix 1 – Figure A.1 and Figure A.2. 

 

Following the analysis performed in Table 1, quantitative 

data has been obtained, which means that KPIs were correctly 

validated (shown in Table 2). In this particular case, we used 

those metrics, but it depends on the researcher's interests. Note 

that Kinematic Chain Length (KCL) is defined as MYL for 

Geometridae, and as MYL + 2*L₀ for Plusiinae – shown in 

Appendix 1. 

 
Table 2. KPIs Comparison for ILAR 

 
Geometridae (C-2PP) 

(KCL = 24 mm) 

Plusiinae (C-3PP) 

(KLC = 30 mm) 

FAV J₂ (86.7 °/s) J₂ (87.31 °/s) 

GV 0.086 s-1 0.066 s-1 

AWSP 7.96x10-5 5.31 x10-5 

MWR 0.619 0.459 

MOH 0.478 0.338 

 

Besides, the workspace (WSP) analysis has been performed 

following the walk-stride locomotion using Matlab® [63], to 

get an understanding of the end-effector’s reachability 

location that is on the head of caterpillars (Appendix 11 - 

Figure C.1. and Figure C.2.). Taking into account the 

proportional length of links (Appendix 12 – Table I): A). For 

Geometridae it is observed that the end-effector could reach 

the highest point (x=0.096m, y= 0.684m), B) For Plusiinae it 

is observed that the end-effector could reach the highest point 

(x= 0.179m, y=0.769m). Also, this caterpillar covers a major 

surface of WSP-reachability than the Geometridae. 

In order to evaluate the feasibility of the construction of 

future robots which follow the proposed kinematic chains, 

parameters for the masses and the inertias have been designed, 

then the maximum angular speed and maximum torque have 

been computed. From these values it has been checked that in 

the market there are actuators which fit these requirements. 

For instance, for the Geometridae the following realistic 

assumptions can be done for joints 1 and 2: the length is 0.9 

m, the center of mass is 0.45 m, the mass is 0.3 Kg, the inertia 

is 0.02 kg.m2, and for the joint 3: the length is 0.3 m, the center 

of mass is 0.15 m, the mass is 0.1 Kg, and the inertia is 0.0008 

kg.m2, so under these assumptions the maximum torque and 

angular speed are 27.24 Nm and 1.3 rad/s.  

Following similar assumptions for the Plusiinae the 

maximum angular speed ant torque are 22.59 Nm and 1.80 

rad/s. All these values are not too high; thus, it is realistic to 

find actuators in the market that fit these requirements. 

Therefore, the construction of robots which match these 

kinematic chains is feasible. 

4. Discussion 

The main objective of the GEKINS algorithm is to identify 

experimentally bio-inspired kinematic models from videos of 

moving caterpillar specimens. To achieve this aim, this work 

standardizes the proportional dimensions of kinematic chains 

for inching-locomotion caterpillars (ILAR). This manuscript 

aims to show how to standardize the kinematic chain 

definition with the use of a geometrical method (BIROD and 

GEKINS) for arthropod animals in order to build a robot in 

the future. In this context, we proposed the study of ILAR, so, 

we selected the 2 only family-groups that perform this type of 

gait: Geometridae (it represents 35,000 species) [64] and 

Plusiinae (it represents 400 species) [65]. 

Besides, a comparative analysis between the kinematic 

chains obtained from two different species (Geometridae and 

Plusiinae) has been carried out, taking into account: kinematic 

models and the stride length, D-H parameters, angles of 

rotation–angular displacement, and finally the average 

velocity by each joint. To compare these kinematic models a 

comprehensive set of metrics have been proposed that 

considers, among other things, the reachability and the 

obstacle avoidance ability. This analysis is done in order to 
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use these kinematic chains for future works applying to 

symbiotic design on mechatronic machines, and taking into 

consideration the features of reconfigurability and modularity. 

Furthermore, a locomotion study of Plusiinae was presented; 

to the best of our knowledge, the motion of this species had 

not been previously studied for bio-inspired robot design. It 

has some morphological-technical characteristics that mark a 

great potential to be used in robotics.  

Therefore, results from this study indicate that the 

application of the proposed GEKINS algorithm permits to 

locate in both caterpillars two to three Suction Cups (S₀ and S₂ 

for Geometridae, and S₁ and S₂ for Plusiinae), three to four 

Joints (J₀, J₁, J₂ and J₃), and three to four Links (L, L₀, L₁ and 

L₂) and eight (t0 to t7) PHAWS that have 1 second of duration 

each. Moreover, permits to calculate the WSL, the angular 

displacement (θ), the angular average velocity (ω) by each 

joint, and the number of Dual Rotational Joints (DRJ) by each 

DOF in 2-D and 3-D. In addition, when comparing both 

species with this method some differences were found: Each 

species has the same kinematic chain from S₁ to S₂, which 

permits the comparison of J₁, J₂, J₃ and θ1, θ2, θ3 of both insects. 

Also, the WSL is greater for Geometridae (14.43 mm) than for 

Plusiinae (13.82 mm), however, Geometridae’s joint is 

located behind Plusiinae’s joint in T5 and T6 and equals in T0 

to T5, but in T7 the Geometridae is ahead. Moreover, both 

insects have maximum angular displacement/angle velocity 

values of θ2 and θ3 in t4. Hence, the angular average velocity 

(ωi) is higher for Geometridae in J₁, lower for J₂, and higher 

for J₃. Additionally, the number of links is lower for 

Geometridae (4) than for Plusiinae (5). Furthermore, the 

number of DOF is lower for Geometridae than for Plusiinae 

in two (3 DOF versus 4 DOF) and three dimensions (6 DOF 

versus 8 DOF) respectively. All these joints can be 

implemented as a universal joint, which can be useful for the 

design of reconfigurable and modular robots [60, 66]. 

Thus, related to the geometric features of kinematic chains, 

Geometridae’s (C-2PP) shape can be suited for assembly tasks 

of blocks, having a locomotion walk-stride comparable to the 

Bill-e robot developed by MIT and NASA [67], however, the 

Plusiinae’s (C-3PP) shape can be adapted for in-pipe 

exploration, comparable to the system developed in the 

PIRATE project at IMPACT Institute, University of Twente 

[68]. Moreover, regarding KPIs metrics, it can be observed 

that: i) FAV: J₂ is the fastest joint for both species, but C-3PP 

achieves a greater value. ii) GV: C-2PP performs a fastest gait 

than C-3PP. iii) AWSP C-2PP has a greater WSP than C-3PP. 

iv) MWR: C-2PP shows a greater reachability than C-3PP. v) 

MOH: C-2PP has the ability to avoid a larger obstacle than C-

3PP.  To sum up, we can conclude that C-2PP covers better 

functionalities for locomotion and even manipulation tasks. 

The next step of this project includes developing a 

reconfigurable system that integrates both, C-2PP and C-3PP 

kinematic chains, useful for industrial applications, that covers 

assembly and manipulation tasks, and controlled locomotion 

for exploration at tight and limited access environments [69]. 

ILAR do not utilize their legs and prolegs to drive 

themselves forward. In contrast, they serve as anchors, 

keeping them firmly in place when body segments move, for 

example, when they attach to a stiff substrate, such as a twig. 

That twig functions as an exterior skeleton, providing the 

stability caterpillars require to tense their muscles [70]. So, 

following the aforementioned statement, GEKINS algorithm 

finds the locations of the legs and prolegs in order to be 

replaced by Suction Cups (S), for this reason, C-2PP has 2 

Suction Cups, while C-3PP has 3. There is a general tradeoff 

between the flexibility offered by more pairs of legs versus the 

complexity of controlling more of them. It would be 

interesting to further understand how these animals evolved in 

relation to their locomotion. 

There are 2 biological studies about caterpillar locomotion 

published in 1997 and 1999 [71-73], but only 2 projects 

related to an engineering kinematic analysis: a) 1 published in 

2008 by the University of Tabriz [33], which stated that the 

body of the caterpillar can be represented by 5 links, and b) 1 

developed by the Robotics Institute at Beihang University 

with the Department of Computer Science at the University of 

Hamburg, which started with 2 publications in 2008 and 2009 

and established a basic kinematic chain of an Inch-Worm, 

composed by 4 links [34, 35]. Both projects previously 

mentioned are only applied for Geometridae (which 

represents a caterpillar with 2 pairs of prolegs). Now, our 

current study lies on the experimental study based on a new 

methodology proposed for standardizing the proportional 

dimensions related to inching-locomotion caterpillar’s 

(Geometridae and Plusiinae) morphology, to get the features 

to perform that motion when it will be integrated into a robot 

design. Therefore, following the former kinematic analysis 

[34, 35], it shows a locomotion of 1 walk-stride divided into 5 

phases (T0-T5): T0, T1, T2, T3, T4 (Figure 12) [34, 35], on the 

other hand, our research shows 8 phases (t0-t7), where the 

phases T0, T1, T2, T3, T4 [34, 35] are equivalent to t0, t1, t3, t5, 

t7 respectively (Appendix 1, 2, and 6). 

 

 
Figure 12. Gait and Kinematic Model of Inch-Worm (Geometridae). 
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Finally, there are several strengths of this study. 1) To our 

knowledge, it is the first and unique academic original article, 

where BIROD method is presented to design kinematic chains 

based on observational analysis of ILAR, taking videos and 

photos to understand their biomechanics. 2) The proposed 

GEKINS algorithm is the only one applied for kinematic 

modeling of ILAR species, having 2 options (Figure 5): “2-

CPP” for those which have 2 pair of prolegs (Geometridae – 

Figure 1) and “3-CPP” for those which have 3 pair of prolegs 

(Plusiinae – Figure 2). 3) The method is focused on the 

creation of a system to be able to reproduce a similar gait 

(PHAWS) to the real animal, so in order to check the accuracy 

of the model, we state that the joint 2 (J₂) indicates the 

flexibility of the kinematic chain due to its greater range of 

motion, which should be located in the middle of A3 

anatomical segment (Figure 2). 4) A comparative test was 

performed to validate the GEKINS algorithm on Plusiinae 

(Appendix 13 – Figure D), which consisted of using the 2 

options (Figure 5): 2-CPP (which is used for Geometridae) 

and 3-CPP, concluding that the use of 3-CPP is the best option 

to develop an accurate kinematic chain model of species with 

3 pair of prolegs, because J₂ is located closer to the A3 

segment (Appendix 13 – Table J). 

5. Conclusion and future works 

In this paper, the objective is to analyze the locomotion and 

kinematic chain of two main groups of ILAR species. The 

GEKINS algorithm was developed to standardize the 

proportional dimensions according to the insect’s anatomy for 

the experimental study of kinematic chain modeling, which is 

part of a novel Bioinspired Robotic Design (BIROD) method. 

The obtained data indicate that the application of the proposed 

method permits to locate the attachment mechanisms (S), 

joints (Ji), links (Li), and to calculate angular displacement 

(θ), angular average velocity (ω), and number of DOF.  

When comparing the two species, both insects have similar 

anatomy characteristics, however, some features make them 

different, thus, key performance indicators (KPIs) were used 

to define 6 metrics: FAV, GV, MWR, WSP, AWSP, MOH, 

resulting on quantitative data that can be used to select the best 

robotic application. Furthermore, Geometridae in contrast of 

Plusiinae, it has a lower number of single-rotational joints in 

2-D (3 DOF versus 4 DOF), and a lower number of dual-

rotational joints in 3-D (6 DOF versus 8 DOF). The rotational 

joints can drive the motion of the robot based on rotary 

electro-mechanical motors. Motor sizing will be considered in 

future works. 

In the case of someone who would like to create a robot 

inspired by ILAR, our research had already covered the 

kinematic chain modeling, it is expected to be useful as a 

preliminary phase for the design of bio-inspired robots. 

Additionally, this academic paper covers until forward 

kinematics and workspace development. The results are 

expected to be valid for all species of ILAR, and must be 

adapted according to the length of the species, because they 

perform similar walk-stride motion: shrink the abdominal 

segments, almost reaching the prolegs with legs, during 

crawling. 

In future work, the performance of the kinematic chains 

will be evaluated with real robots, moreover, the incorporation 

of parameters related to multi-body dynamics such as inertia 

and mass will be considered for a more detailed ILAR species 

comparison. We plan as future work also to consider the 

applications regarding autonomous multi-robot systems - 

AMRS / collective robotic construction - CRC, including the 

classification of objects and placement at optimal locations 

using modularity and swarm foundations, as these robots may 

be useful for industrial assembly, limited access inspection 

and space construction (Moon and Mars). Finally, the 

proposed methodology could be adapted to the design of 

kinematic chains for other arthropods animals, which can also 

be useful in the design of reconfigurable and modular robots. 

Highlights 

- BIROD method and GEKINS algorithm are implemented to 

introduce a novel gait analysis in 2-D and 3-D of inching-

locomotion caterpillars to develop bio-inspired robots. 

- Key performance indicators are defined to compare the 

kinematic chains of inching-locomotion caterpillars, which 

could be adapted to design other arthropod robots.  

- The results generalize to 35,400 species of inching-

locomotion caterpillars from Lepidoptera family, where 

Geometridae represents 35,000 (2 pair of prolegs), and for 

Plusiinae represents 400 (3 pair of prolegs).  
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AWSP: Area of the WorkSPace 

BIROD: Bioinspired Robotic Design 

C-2PP: Caterpillars with 2 Pairs of Prolegs 

C-3PP: Caterpillars with 3 Pairs of Prolegs  

D-H: Denavit-Hartenberg 

DOF: Degrees of Freedom 

DRJ: Dual Rotational Joints 

EOAT: End of Arm Tooling 

FAV: Fastest Angular Velocity 

GV: Gait Velocity 

GEKINS: Geometrical Kinematic Analysis 

H-T: Head-Tail 

H-M: Homogeneous Matrix 

ILAR: Inching-Locomotion Caterpillar 

KCL: Kinematic Chain Length 

KPIs: Key Performance Indicators 

MWR: Maximum Working Range 

MYL: Main Body Length 

MOH: Maximum Obstacle’s Hight 

PHAWS: Phases of Walk-Stride 

T-H: Tail-Head 

TVA: Top-View Angles 

WSL: Walk-Stride Length 

WSP: Workspace 
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Figure 13. 3-D Kinematic Chain modeled in Matlab® for (i) Geometridae and (ii) Plusiinae caterpillars 
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Appendix 1 

 

Figure A.1. Kinematic Chain Definition on Geometridae by the application of the GEKINS. Columns: A) Insect during Inching-Locomotion in 8 (t0-t7) Phases 

of Walk-Stride (PHAWS). B) Location of the Attachment Mechanisms-Suction Cups (S₁ and S₂), Joints (J₁, J₂ and J₃), and Links (L, L₁ and L₂). C) Joint 

Location on Grid Graphics in scale 1:100, and WSL. Note that t0-t7 represents PHAWS. Note that X symbol means the location of the middle at A3 anatomical 

segment. 
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Figure A.2. Kinematic Chains Definition on Plusiinae by the application of the GEKINS. Columns: A) Insect during Inching-Locomotion in 8 (t0-t7) Phases 

of Walk-Stride (PHAWS). B) Location of the Attachment Mechanisms-Suction Cups (S₀, S₁ S₂), Joints (J₀, J₁, J₂ and J₃), and Links (L, L₀, L₁ and L₂). C) Joint 

Location on Grid Graphics in scale 1:100, and WSL. Note that t0-t7 represents PHAWS. Note that X symbol means the location at the middle of A3 anatomical 

segment. 
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Appendix 2 

Table A. GEKINS Algorithm 

Inputs PHAWS photograms 

GEKINS  

Steps 

1 Attachment Mechanism Location, placing the Suction Cups (S) 

2 Define MYL: the distance between Suction Cup (S) 1 to 2 

3 Lateral Joint (JL) Location, placing the DOF using a lateral view 

4 Draw Links (Li), connect the joints with rigid lines 

5 Top Joint (JT) Location, placing the DOF using a top view 

6 D-H convention 

Outputs 
A End-effector (Caterpillar’s head) position 

B Joint angle’s behavior : “angular displacement (θ) / average velocity (ω)” 

 

Appendix 3 

Table B. Joint Location in X-Y axis by PHAWS for Geometridae and Plusiinae 

Caterpillar 

 
Ji 

Location 

(mm) 

 PHAWS 

t0 t1 t2 t3 t4 t5 t6 t7 

Geometridae 

J0 

X 

Y 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

Plusiinae 
X 

Y 

0.00 

0.00 

0.62 

1.13 

1.77 

0.62 

7.85 

0.91 

13.76 

0.00 

13.76 

0.00 

13.76 

0.00 

13.76 

0.00 

                     

Geometridae 

J1 

X 

Y 

0.00 

0.00 

1.59 

-0.32 

5.74 

0.00 

11.03 

0.30 

14.86 

1.68 

14.86 

0.00 

14.86 

0.00 

14.86 

0.00 

Plusiinae 
X 

Y 

0.00 

0.00 

0.54 

0.17 

1.77 

0.62 

7.78 

0.02 

13.45 

1.91 

13.76 

0.00 

13.76 

0.00 

13.76 

0.00 

   

Geometridae 

J2 

X 

Y 

0.00 

0.00 

0.72 

2.81 

2.87 

5.82 

5.88 

7.65 

11.68 

7.78 

7.84 

7.99 

10.84 

6.72 

14.65 

1.31 

Plusiinae 
X 

Y 

0.00 

0.00 

0.30 

1.13 

1.05 

2.80 

3.91 

5.82 

10.32 

7.17 

9.95 

5.76 

11.41 

4.54 

13.79 

-0.13 

   

Geometridae 

J3 

X 

Y 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

7.05 

5.03 

6.76 

-0.04 

14.43 

0.00 

Plusiinae 
X 

Y 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

10.05 

6.40 

9.07 

0.00 

13.82 

0.00 

 

Appendix 4 

Table C. D-H Parameters of Locomotion - Sequence H-T (2-D). Geometridae and Plusiinae 

 Geometridae  Plusiinae 

Link i θi di ai αi θi di ai αi 

1 θ3 0 L₂ = 3 x “L” 0 θ3 0 L₂ = 3 x “L” 0 

2 θ2 0 L₁ = 3 x “L” 0 θ2 0 L₁ = 3 x “L” 0 

3 θ1 0 L 0 θ1 0 L₀ = 2 x “L” 0 

4 - - - - θ0 0 L 0 

 

Appendix 5 

Table D. D-H Parameters of Locomotion - Sequence T-H (2-D). Geometridae and Plusiinae 

Link i 
Geometridae 

 

Plusiinae 

θi di ai αi θi di ai αi 

1 θ1 0 L₁ = 3 x “L” 0 θ0 0 L₀ = 2 x “L” 0 

2 θ2 0 L₂ = 3 x “L” 0 θ1 0 L₁ = 3 x “L” 0 

3 θ3 0 L = “L” 0 θ2 0 L₂ = 3 x “L” 0 

4 - - - - θ3 0 L 0 
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Appendix 6 

 
Figure B. Joint’s angular displacement on (i) Geometridae and (ii) Plusiinae. Columns: A) Insect and kinematic chain during inching-locomotion in 8 phases.  

B) Kinematic chain locomotion. C) Angular displacement in degrees by each Joint. Note that t0-t7 represents PHAWS. 
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Appendix 7 

Table E. Angular displacement by PHAWS 

Caterpillar 
θi 

(°) 

PHAWS 

t0 t1 t2 t3 t4 t5 t6 t7 

Geometridae θ0 - - - - - - - - 

Plusiinae θ0 0.00 -21.23 -6.72 -21.95 18.40 0.00 0.00 0.00 

                    

Geometridae θ1 5.10 35.46 47.35 60.77 31.75 77.56 56.68 13.54 

Plusiinae θ1 10.98 26.49 25.63 65.02 32.21 56.07 43.95 10.15 

  

Geometridae θ2 -10.22 -49.57 -94.75 -134.86 -157.58 -102.24 -113.78 -27.02 

Plusiinae θ2 -21.93 -35.72 -55.70 -113.33 -150.19 -62.88 -87.78 -20.10 

  

Geometridae θ3 5.11 23.67 47.38 69.95 107.55 59.64 64.37 13.31 

Plusiinae θ3 10.96 18.43 30.07 56.80 99.47 66.64 43.57 9.37 

 

Appendix 8 

Table F. Equations of Joint Angle’s Behavior by PHAWS – Geometridae and Plusiinae 

Caterpillar Ji 

Joint 

Angle’s 

Behavior 

 
PHAWS 

t0 – t1 t1 – t2 t2 – t3 t3 – t4 t4 – t5 t5 – t6 t6 – t7 

0 ≤ t < 1 1 ≤ t < 2 2 ≤ t < 3 3 ≤ t < 4 4 ≤ t < 5 5 ≤ t < 6 6 ≤ t ≤ 7 

Geometridae 

J0 

θ0 (°) 

ω0 (°/s) 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

Plusiinae 
θ0 (°) 

ω0 (°/s) 

-21.23t 

-21.23 

14.51t -35.74 

14.51 

-15.23t + 23.74 

-15.23 

40.35t – 143 

40.35 

-18.40t + 92 

-18.40 

0 

0 

0 

0 

                   

Geometridae 

J1 

θ1 (°) 

ω1 (°/s) 

30.36t + 5.1 

30.36 

11.89t + 23.57 

11.89 

13.42t + 20.51 

13.42 

-29.02t + 147.83 

-29.02 

45.81t – 151.49 

45.81 

-20.88t + 181.96 

-20.88 

-43.14t + 315.52 

-43.14 

Plusiinae 
θ1 (°) 

ω1 (°/s) 

15.51t + 10.98 

15.51 

-0.86t + 27.35 

-0.86 

39.39t – 53.15 

39.39 

-32.81t + 163.45 

-32.81 

23.86t – 63.23 

23.86 

-12.12t + 116.67 

-12.12 

-33.80t + 246.75 

-33.80 

  

Geometridae 

J2 

θ2 (°) 

ω2 (°/s) 

-39.35t – 10.22 

-39.35 

-45.18t – 4.39 

-45.18 

-40.11t – 14.53 

-40.11 

-22.72t – 66.7 

-22.72 

55.34t – 378.94 

55.34 

-11.54t – 44.54 

-11.54 

86.76t – 634.34 

86.76 

Plusiinae 
θ2 (°) 

ω2 (°/s) 

-13.79t – 21.93 

-13.79 

-19.98t – 15.74 

-19.98 

-57.63t + 59.56 

-57.63 

-36.86t – 2.75 

-36.86 

87.31t – 499.43 

87.31 

-24.90t + 61.62 

-24.90 

67.68t – 493.86 

67.68 

 

Geometridae 

J3 

θ3 (°) 

ω3 (°/s) 

18.56t + 5.11 

18.56 

23.71t – 0.04 

23.71 

22.57t – 2.24 

22.57 

37.60t – 42.85 

37.60 

-47.91t + 299.19 

-47.91 

4.73t + 35.99 

4.73 

-51.06t + 370.73 

-51.06 

Plusiinae 
θ3 (°) 

ω3 (°/s) 

7.47t + 10.96 

7.47 

11.64t + 6.79 

11.64 

26.73t – 23.39 

26.73 

42.67t – 71.21 

42.67 

-32.83t + 230.79 

-32.83 

-23.07t + 181.99 

-23.07 

-34.20t + 248.77 

-34.20 

 

Appendix 9 

Table G. D-H Parameters of Locomotion (3-D). Geometridae and Plusiinae 

Link i 

Geometridae 

 

Plusiinae 

Sequence H-T 

 

Sequence T-H Sequence H-T 

 

Sequence T-H 

θi di ai αi θi di ai αi θi di ai αi θi di ai αi 

1 θT3 0 0 - π /2 θT1 0 0 π /2 θT3 0 0 - π /2 θT0 0 0 π /2 

2 θ3 LT2 L₂ π /2 θ1 -LT1 L₁ -π /2 θ3 LT2 L₂ π /2 θ0 -LT0 L₀ -π /2 

3 θT2 0 0 - π /2 θT2 0 0 π /2 θT2 0 0 - π /2 θT1 0 0 π /2 

4 θ2 LT1 L₁ π /2 θ2 -LT2 L₂ -π /2 θ2 LT1 L₁ π /2 θ1 -LT1 L₁ -π /2 

5 θT1 0 0 - π /2 θT3 0 0 π /2 θT1 0 0 - π /2 θT2 0 0 π /2 

6 θ1 0 L 0 θ3 0 L 0 θ1 LT0 L₀ π /2 θ2 -LT2 L₂ -π /2 

7 - - - - - - - - θT0 0 0 - π /2 θT3 0 0 π /2 

8 - - - - - - - - θ0 0 L 0 θ3 0 L 0 
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Appendix 10 

 

Table H. Matlab® Implementation of Kinematic Chains in 3 Dimensions – Geometridae and Plusiinae 

Steps Geometridae  Plusiinae 

1 

Link Dimensions     % Adapted to the values used in GEKINS 

L₁=3; LT1=0; L₂=3; LT2=0; L=1;  LT0=0; L₀=2; LT1=0; L₁=3; LT2=0; L₂=3; L=1; 

2 D-H Parameters 

2.1 

Sequence H-T Locomotion: 

L_HT(1)=Link([0  0  0  -pi/2]); 

L_HT(2)=Link([0  LT2  L₂  pi/2]); 

L_HT(3)=Link([0  0  0  -pi/2]); 

L_HT(4)=Link([0  LT1  L₁  pi/2]); 

L_HT(5)=Link([0  0  0  -pi/2]); 

L_HT(6)=Link([0  0  L  0]); 

 

 

 

L_HT(1)=Link([0  0  0  -pi/2]); 

L_HT(2)=Link([0  LT2  L₂  pi/2]); 

L_HT(3)=Link([0  0  0  -pi/2]); 

L_HT(4)=Link([0  LT1  L₁  pi/2]); 

L_HT(5)=Link([0  0  0  -pi/2]); 

L_HT(6)=Link([0  LT0  L₀  0]); 

L_HT(7)=Link([0  0  0  0]); 

L_HT(8)=Link([0  0  L  0]); 

 

2.2 

Sequence T-H Locomotion: 

L_TH(1)=Link([0  0  0  -pi/2]); 

L_TH(2)=Link([0  LT1  L₁  pi/2]); 

L_TH(3)=Link([0  0  0  -pi/2]); 

L_TH(4)=Link([0  LT2  L₂  pi/2]); 

L_TH(5)=Link([0  0  0  -pi/2]); 

L_TH(6)=Link([0  0  L  0]); 

 

 

 

L_TH(1)=Link([0  0  0  -pi/2]); 

L_TH(2)=Link([0  LT0  L₀  pi/2]); 

L_TH(3)=Link([0  0  0  -pi/2]); 

L_TH(4)=Link([0  LT1  L₁  pi/2]); 

L_TH(5)=Link([0  0  0  -pi/2]); 

L_TH(6)=Link([0  LT2  L₂  0 pi/2]); 

L_TH(7)=Link([0  0  0 -pi/2]); 

L_TH(8)=Link([0  0  L  0]); 

 

3 

Join all Links: 

 

Insect1_HT=SerialLink(L_HT); 

Insect1_TH=SerialLink(L_TH); 

 

 
Insect2_HT=SerialLink(L_HT); 

Insect2_TH=SerialLink(L_TH); 

4 

Kinematic Chain Display: 

 

Insect1_HT.name='Geometridae Kinematic Chain'; 

Insect1_HT.plot([0 0 0 0 0 0]) 

 

Insect1_TH.name='Geometridae Kinematic Chain'; 

Insect1_TH.plot([0 0 0 0 0 0]) 

 

 

 

Insect2_HT.name='Plusiinae Kinematic Chain'; 

Insect2_HT.plot([0 0 0 0 0 0 0 0]) 

 

Insect2_TH.name='Plusiinae Kinematic Chain'; 

Insect2_TH.plot([0 0 0 0 0 0 0 0]) 
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Appendix 11 

 

 

Figure C.1. Planar Workspace of Geometridae’s Kinematic Chain. a) Red surface, b) Selected points. 
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Figure C.2. Planar Workspace of Plusiinae’s Kinematic Chain. a) Red surface, b) Selected points. 
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Appendix 12 

 

Table I. Matlab® Implementation of Kinematic Chain’s Workspace in 2 Dimensions – Geometridae and Plusiinae 

Steps Geometridae  Plusiinae 

1 

 

Link Dimensions     % The proportional length (given in milimeters) is based on GEKINS algorithm. 

 

L₁=0.3; L₂=0.3; L3=0.1;     L₀=0.2; L₁=0.3; L₂=0.3; L3=0.1; 

2 

D-H Parameters 

L(1)= Link([0 0 L₁ 0]); 

L(2)= Link([0 0 L₂ 0]); 

L(3)= Link([0 0 L3 0]); 

 

 

 

L(1)= Link([0 0 L₀ 0]); 

L(2)= Link([0 0 L₁ 0]); 

L(3)= Link([0 0 L₂ 0]); 

L(4)= Link([0 0 L3 0]); 

 

3 

Angle definition 

th1 = (0.029*pi:0.01:0.4*pi) ; 

th2 = (0.057*pi:0.01:0.126*pi); 

th3 = (0.029*pi:0.01:0.406*pi) ; 

q = {th1,th2,th3}; 

 

 

th1 = (0.10*pi:0.01:0.122*pi); 

th2 = (0.029*pi:0.01:0.4*pi); 

th3 = (0.057*pi:0.01:0.126*pi); 

th4 = (0.029*pi:0.01:0.406*pi) ; 

q = {th1,th2,th3,th4}; 

 

4 

Preliminary coding for data display 

 

r = SerialLink(L); 

r.display() 

[~,n] = size(L); 

 

var = sym('q',[n 1]); 

assume(var,'real') 

 

5 

Workspace Generation 

 

[Q{1:numel(q)}] = ndgrid(q{:}); 

T = simplify(vpa(r.fkine(var),3)); 

Pos = T.tv; 

x(var(:)) = Pos(1); 

X = matlabFunction(x); 

X = X(Q{:}); 

y(var(:)) = Pos(2); 

Y = matlabFunction(y); 

Y = Y(Q{:}); 

plot(X(:),Y(:),'r.') 

xlabel('X') 

ylabel('Y') 
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Appendix 13 

 
Figure D. Checking GEKINS algorithm using 2 options on Plusiinae Kinematic Chain modeling: C-3PP and C-2PP. Note that with the use of C-2PP, the S₀, J₀, and L₀ were not taken into account due to the pair 

of prolegs located in the A5 segment had been hidden. The results show that the better accurate option is C-3PP, because it depicts the minimum distance (D J2-A3) between J₂ - A3 anatomical segment for each 

PHAWS. a.1 and b.1) Location of the Attachment Mechanisms-Suction Cups (S₁ S₂), Joints (J₁, J₂ and J₃), and Links (L, L₁ and L₂); a.2 and b.2) Joint Location on Grid Graphics in scale 1:100, and WSL. The 

closer those parameters (J₂ - A3) are located, the more accurate the model is.
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Table J. Error Distance between J2 – A3 in mm 

PHAWS 
Validation of GEKINS Algorithm on Plusiinae 

Using C-2PP Option Using C-3PP Option Distance reduction 

t0 6.54 4.07 37,8% 

t1 6.55 4.46 31,9% 

t2 6.80 4.25 37,5% 

t3 5.25 2.88 45,1% 

t4 8.83 1.69 80,9% 

t5 3.83 2.94 23,2% 

t6 5.26 2.50 52,5% 

t7 5.50 2.76 49,8% 

Average 6.07 3.19 47,4% 
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