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Abstract— In recent decades, the interest and demand for 

maca (Lepidium meyenii) have grown worldwide, establishing the 

tuber as one of Peru's flagship products, so adding value to it 

without losing its nutritional properties is a viable option to 

further increase its production and sale. Therefore, the most 

efficient process to consider is freeze-drying, which allows for 

preserving most of the organoleptic and nutritional properties of 

the food over time. The objective of this work is to design a 

compact and easy-to-use machine, which allows generating an 

added value to maca through freeze-drying. For this purpose, the 

VDI 2221 methodology was used, where a list of requirements was 

considered according to the structure of the freeze-dryer, a black 

box, and a white box, which led to making the morphological 

matrix from which the optimal 3D prototype was obtained. The 

result of this design showed that the machine provides 1 kg/batch 

of production and that the structure supported the size of the 

freeze dryer with a maximum deformation of 0.004491 mm, on the 

other hand, the part of the structure that supported the vacuum 

pump was prone to breakage. This research concludes that the use 

of the VDI 2221 methodology has the potential to structure the 

important functions and components for machine design, but 

another methodology is needed to help organize the processes 

systematically. 

Keywords— freeze-drying, VDI 2221, vacuum freeze drying, 

lyophilization, mechatronic design methodology, Lepidium meyenii 

INTRODUCTION 

Freeze drying is considered one of the best drying methods 
that largely preserves the organoleptic and nutritional properties 
of biological products. Freeze-dried foods are characterized by 
low water activity and high porosity [1], [2]; their advantages 
are that it reduces storage space, facilitate packaging and 
transport, and mainly increase shelf life [3]. 

Over the past few decades, interest and demand for maca 
have grown worldwide through aggressive commercial 
promotion of the plant [4]. This interest has established maca as 
one of Peru's flagship products. Peruvian maca (Lepidium 
meyenii) is rich in fiber and nutrients, including vitamin C, 
copper, and iron. In addition to these essential nutrients, this root 
contains bioactive compounds that are responsible for providing 
benefits to people seeking a healthy diet [5]. 

The agronomic management of the vegetative stage of maca 
consists of preparing the land, analyzing the soil characteristics, 

sowing, maintenance of the crop with cultural work, harvesting, 
and natural drying of the hypocotyls. Traditionally, the maca 
hypocotyls are consumed after cooking, and the active fraction 
is the aqueous phase, which causes a substantial loss of the 
above-mentioned benefits [5]. 

Some research talks about the design of freeze-drying 
machines that use vacuum systems to obtain better quality 
products and when reconstituted with water they recover their 
freshness [6], [7]. Other projects use ultrasound pretreatment of 
foods before going through the freeze-drying process, all these 
researches share similar ideas with this project [8]–[12]. 

On the contrary, there are also notorious differences with 
most of the mentioned works, among the main ones we can 
mention: the type of research methodology, the simulation of the 
prototype using software, and the drying technique, where the 
final result in moisture content is affected by the time of the 
drying process [13]. Likewise, it is shown that this process can 
damage the product due to the high use of temperature, the 
effects are visualized in the discoloration and the structure of the 
food [14]. 

The objective of this research is to present a conceptual 
design of a freeze-drying machine for maca slices, for which we 
will use the VDI 2221 methodology, which will help us to 
present a design according to the needs of the high Andean zones 
of Peru. On the other hand, to simulate the best design of the 
freeze-drying machine, Inventor software will be used in this 
investigation, which will provide us with a structural analysis of 
the prototype and stress analysis to reinforce the design. 

METHODOLOGY 

The VDI 2221 methodology is a design model for machine 

development, which follows a series of guidelines that lead to 

the generation of a product that meets specific requirements 

[15]. The stages of this methodology are shown in Fig. 1.  
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Research methodology VD1 2221 

This German design model is based on the search for 

solutions that allow the development of a product that satisfies 

the needs required by society. [15]. Therefore, the conceptual 

design for this research will be developed following these 

procedures: 

 

• Determination of the subject matter. 

• Development of a list of requirements for the machine. 

• Functional structure of the freeze dryer. 

• The operation of the machine is represented in a Black 

Box and White Box.  

• Realization of the morphological matrix. 

• Optimal prototype choice. 

• Description of the chosen prototype 

• Creation of the 3D design. 

 

To make the list of requirements of the freeze dryer, it is 

necessary to make a description of the tasks that allow the best 
operation according to a need. For this purpose, a table with 

three columns is developed. The first column is a series of 

parameters to describe the machine in detail. The second column 

presents the specifications of the parameters to describe the 

function of the machine. The last column stands for two options: 

desire (W) and requirement (R), which classify the parameters 

and specifications to obtain a specific design. Table I presents 

the list of requirements to develop the design for this proof of 

concept. 

 

LIST OF REQUIREMENTS 

Parameter Specification W/R 

Function Freeze-dry the maca in the shortest 

possible time and with the greatest 

possible dehydration. 

R 

Geometry 

Total weight not more than 100 Kg R 

The ability not less than 4 Kg/batch W 

The largest dimension of 60x80x90 

cm3 

R 

Material Stainless steel R 

Assembly and 

fabrication 

Easy to assemble and support machine R 

Easy-to-understand part assembly 

system 

R 

Operation The freeze dryer is easy to use. W 

The machine is operated by a single 

operator 

R 

Safe to use machine R 

Kinematics Power requirement of 1000 W W 

Price Total cost for the lower middle class W 

Security Affordable repair R 

Emergency system in case of failure R 

Ergonomics Adequate machine height to avoid 

operator fatigue 

W 

 

The function structure allows one to know both in a general and 

specific way the procedure performed by the machine from the 

first stage to the final stage. Thus, a viable option to represent 

the machine processes is to generate a Black Box and a White 

Box [16] which are represented in Fig. 2. 

 

 
a) 

 

 

 
b) 

 

Black Box(a) and White Box(b) 

The morphological matrix supplies the workable solutions to 

obtain the design that best fits a need, therefore, a set of 

functions that describe the machine as specifically as possible is 

organized. Finally, routes are drawn by choosing the most 

practical options, as shown in Table II.  

 

 

 

 



 

 Morphological Matrix                   

 

As a result of the morphological matrix, 3 possible solutions are 

obtained: 

S1 or Solution  1: A1-A2-A3-B4-B5-C6-A7-B8-B9-A10-

A11-A12 

S2 or Solution  2: B1-B2-A3-A4-A5-B6-C7-A8-A9-B10-

B11-B12 

S3 or Solution  3: C1-C2-B3-B4-C5-A6-B7-C8-B9- C10-
C11-B12 

These 3 alternatives are subjected to a technical and economic 

evaluation process, represented in Table II and Table III 

respectively, to obtain the design of an optimal prototype. 

TECHNICAL EVALUATION 

List of workable 

solutions 

Solution 

1 

  Solution     

2 

Solution 

3 

Ideal 

solution 

No Evaluation 

criteria 

g p gp p gp p gp p gp 

1 Function 8 3 24 4 32 2 16 4 32 

2 Geometry  7 2 14 3 21 3 21 4 28 

3 Design 8 3 24 3 24 3 24 4 32 

4 Efficiency 9 2 18 3 27 2 18 4 36 

5 Assembly 7 3 21 3 21 3 21 4 28 

6 Stability 9 3 27 3 27 2 18 4 36 

7 Operation 8 2 16 2 16 2 16 4 32 

8 Maintenance 7 2 14 2 14 2 14 4 28 

9 Ergonomics 8 3 24 3 24 3 24 4 32 

10 Safety 9 2 18 3 27 2 18 4 36 

∑gp 200 233 190 320 

x (%) 82.81% 8.,00% 73.44% 100% 

 

The data in Table II follow the evaluation criteria considering 

local issues. We have the variable p, which refers to an integer 

numerical value between 0 and 5, where the highest value is the 
level of satisfaction generated by the solution in the criterion 

associated with the variable p. The variable g stands for an 

integer numerical value between 0 and 10, where the higher the 

score, the greater the importance of the criterion related to that 

variable. The values of the variables are assigned according to 

the designer's criteria. Finally, there is the variable x, which is 

obtained by comparing the solutions with the ideal solution; 

these percentage values are found on the horizontal axis of Fig 

4. 

ECONOMIC EVALUATION 

List of workable solutions Solution 

1 

Solution 

2 

Solution 

3 

Ideal 

solution 

No. Evaluation 

criteria 

g p gp p gp p gp p gp 

1 Manufacturing 

costs  

8 3 24 4 32 2 16 4 32 

2 Material costs 7 2 14 3 21 3 21 4 28 

3 Assembly 

costs 

8 3 24 3 24 3 24 4 32 

4 Maintenance 

costs 

10 2 20 3 30 2 20 4 40 

∑gp 195 228 185 312 

y (%) 81.25% 67.97% 44.53% 100% 

 

The data in Table III follow the following evaluation criteria 

considering the local economy. The variables p and g follow the 

standards of Table II. Then, we have variable y, which is 

obtained by comparing the solutions with the ideal solution, 

these percentage values are found on the vertical axis of Fig. 4.  

COMPARISON OF RATINGS 

 The horizontal axis (x) The vertical axis (y) 

Technical evaluation Economic evaluation 

Solution 1 82.81% 81.25% 

Solution 2 80.00% 67.97% 

Solution 3 73.44% 44.53% 

Ideal solution 100% 100% 

 

Table IV shows the comparison of the data obtained from the 
economic and technical evaluation tables, to obtain the best 

selection represented in the following figure. 

 

 

Evaluation of solutions 

The results in Fig. 4 show that the optimal selection is solution 

1, this design has a rectangular shape, which according to the list 

of requirements has the following dimensions: 600x800x900 

mm3, the material that the freeze drying chamber has to have is 

stainless steel, the freeze-drying chamber has an ultrasonic pre-

treatment, the vacuum system has a rotary vane pump, the shape 

of the trays for the maca slices are rectangular, the tray system 

has at its base direct contact resistors for the primary and 

secondary drying process, the machine will use temperature and 

pressure sensors, the control system is commanded by a PLC, 



the visualization of the operation will be shown in an HMI 

located in the upper part of the machine, the optimal design 

alternative is shown in Fig. 5. 

 

Design of the prototype 

RESULTS 

For the results, structure and stress analyses were performed. 
Fig. 6 shows a range of safety coefficients between 1.71 and 15, 
which shows that the stainless-steel material withstands the 
stresses that may be exerted on it during the operation of the 
machine. The most affected part is the contour of the lid because 
the forces are more concentrated in that area, therefore a safety 
factor of 1.7 is needed as shown in Fig. 6.  

 

Stress analysis of the freeze-drying machine cover 

 On the other hand, Fig. 7 shows that the lid of the machine 
has a maximum displacement of 0.1146 mm in the central part, 
which shows that the deformation is not a problem to consider, 
this is because the displacement is too small to impair the 
operation of the freeze dryer.  

 

Maximum deformation of the machine cover 

 Another of the analyses performed is shown in Fig. 8, which 
shows that the structure supporting the machine has a 
deformation of 0.004491 mm in the central part, this is because 
most of the weight is concentrated in the geometric center of the 
cross-section of the base structure with an area of 460x520 mm2. 
On the other hand, the deformation obtained in Fig. 8 does not 
stand for any danger to the stability of the structure. The material 
used to conduct the tests on the structure is an ISO 657 
quadrangular tube with a side of 40 mm and a thickness of 5 
mm. 

 

Structural analysis of the freeze dryer 

From Fig. 9 it was obtained that the maximum torsional 

stress is 0.1697 MPa in the red zone of the structure, which 

stands for the position most affected by the weight of the 

machine, which is approximately 50 Kg. 



 

Structural analysis of the freeze dryer 

Next, a cylindrical shape was obtained for the freeze-drying 

chamber with the following measurements: 400 mm in diameter 

and 500 mm in height. The material used for the chamber is 

stainless steel, which is recommended for food processes [17]. 

The average production of this machine was 1 kg/batch 

considering that the average size of the maca was 5 cm in 

diameter and 6 cm in height. 

CONCLUSIONS AND DISCUSIONS 

According to Chin Chi Cheng [8], the implementation of an 
ultrasound device in a freeze-drying process can generate energy 
savings because the ultrasound can record and analyze the whole 
progression of the freeze-drying process, in that sense, this 
project includes ultrasound transducers coupled in the freeze-
drying chamber to try to reduce the energy cost of the machine. 

According to Nachun Luo [18], to cut freeze-drying times, 
food should be cut into slices of suitable size and pre-treated 
with technologies such as ultrasound, which makes the food 
structure porous for efficient freeze-drying. This project 
attempts to use ultrasound treatment to reduce the freeze-drying 
time and energy cost of the machine. 

In this work we have proposed a design of a freeze-drying 
machine with ultrasound pretreatment using VDI 2221 
methodology to meet the needs of low production of maca in 
the high Andean zones of Peru. The proposed design has a 
height of 600x800x900 mm3, which has a base structure for the 
machine and for the vacuum pump, which is made of ISO 657 
square steel tubes. The freeze dryer has a structure divided 
mainly into two parts: the freeze-drying chamber and the 
control system. The freeze-drying chamber is designed in 
stainless steel and is cylindrical in shape to withstand the 
different pressures. The chamber has a system of rectangular 
trays of different sizes with resistance filaments at their bases 
to aid in the evaporation process.  

In the lower part of the freeze-drying chamber is the 
refrigeration and drying system, which has a refrigeration 
pump, a condenser, and a piping system. The control system is 
in the upper part of the machine, it has an HMI for the control 
of the whole freeze-drying process, it has a PLC that controls 
the temperature and pressure sensors. On the other hand, the 
machine has an ultrasound pretreatment to reduce the total 
freeze-drying time, the control system oversees controlling and 
monitoring the ultrasound transducers. Finally, this design tries 
to use all possible systems to save energy and reduce freeze-
drying time, among the most important is the use of ultrasound 
for the pretreatment stage of the maca. 

On the other hand, it is concluded that the VDI 2221 
methodology used in this research adequately structured the 
most important functions, processes, and components for this 
design, but it needs a methodology that complements and 
systematically reinforces the thermal processes in the different 
stages of the freeze-drying process. Regarding the structural 
design of the machine, it is recommended to use square tubes 
of other dimensions to obtain a safety factor between 1.5 and 2.  

For future research, take into consideration a compact 
piping design for the cooling and drying process. In addition, 
consider energy optimization in the different freeze-drying 
processes since these consume a considerable amount of 
energy. Finally, it is recommended the construction and 
sampling of freeze-dried maca for the verification of the design 
proposed by this research. 
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