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Abstract: Thermal comfort is a crucial factor in human well-being, and clothing serves as
the primary medium regulating heat exchange between the body and its surrounding
environment. Traditional evaluations of clothing insulation, often expressed in Clo units,
rely on thermal manikins. However, commercial thermal manikins are prohibitively expen-
sive, limiting their accessibility for widespread research and industrial applications. This
study proposes the development of a low-cost human manikin by utilizing Arduino-based
control systems, 3D printing (PLA filament), ceramic heaters, fans for forced convection,
and temperature—humidity sensors. The manikin shell was fabricated using FDM 3D print-
ing technology, reflecting average human body dimensions, and the internal heating mod-
ule was controlled through PID algorithms to ensure stable temperature regulation.
Experimental evaluations focused on (i) temperature differences across the manikin shell to
analyze thermal resistance, (i) the impact of external environmental factors such as ambi-
ent temperature and airflow, and (jii) the relationship between power consumption and
heat loss. Results indicated that the prototype manikin effectively measured thermal insu-
lation and produced outcomes comparable to values reported in previous literature for
major body regions (torso, arms, legs, and face). Some discrepancies were observed at
extremities (hands and feet), where PLA's relatively low thermal conductivity resulted in
slower heat transfer compared to metal- or liquid-based manikins. Nevertheless, the sys-
tem demonstrated stable performance, low energy consumption per test, and sufficient
accuracy for basic clothing thermal insulation assessments. The findings confirm the feasi-
bility of an economical and practical alternative to commercial thermal manikins, with
potential applications in clothing performance evaluation, heat exchange studies, sports
science, military equipment development, and educational settings.
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Figure 1. Schematic diagram of the Arduino-Nano-based PID heating system by Fritzing.
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Figure 2. Flowchart of the Arduino-based PID temperature
controller.
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Figure 3. The manikin shell created using Blender.

Table 1. Manikin specification

Body part Length (cm) Ratio (%)
Head 1 22
Body 32 65
Arm 12 25
Leg 17 35
Head circumference 35 -
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l:l Heat convection

Figure 4. Schematic diagram of the central heating source and
airflow circulation inside the thermal manikin.

Figure 5. Internal layout of the central heating module and
downward fan configuration in the thermal manikin.
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Table 2. Time-series internal and external temperatures measured at each body region; (a) natural convection (Fan off) and (b) forced convection

(Fan on)
Time (min) Torso_Int  Torso_Ext Arms_Int Arms_Ext  Legs_Int Legs_Ext Hands_Int Hands_Ext Feet_Int Feet_Ext
0 25 245 25 24.5 25 24.5 25 245 25 245
5 317 285 28.1 259 27 252 26.1 25 259 248
10 34 309 30.2 274 306 275 273 26 27 256
15 343 309 312 28.1 31.1 28 275 26 274 259
20 344 313 31.2 283 314 285 27.6 263 274 26
@)
Time (min) Torso_Int  Torso_Ext Arms_Int  Arms_Ext  Legs_Int Legs_Ext Hands_Int Hands_Ext Feet_Int Feet_Ext
0 25 245 25 245 25 245 25 245 25 245
5 29.7 284 29 275 286 268 27 26.2 27.2 263
10 315 30 30.5 29 30.1 28.7 283 27.5 29 282
15 329 305 309 293 306 29 299 28.2 30 285
20 33 30.7 311 295 3038 29.1 30.2 284 30.1 287

(f)

(e)

(b)

9

Figure 7. Manikin surface temperature after heating system; (a) initial state, (b) Fan off-5 minutes, (c) Fan off-10 minutes, (d) Fan off-20 minutes,
(e) Fan on-5 minutes, (f) Fan on-10 minutes, and (g) Fan on-20 minutes.
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Figure 8. Average internal and external temperature profiles over time; (a) natural convection (Fan off) and (b) forced convection (Fan on).
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