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Abstract.
The main contents of this paper are the parametric
design and its applications in industrial design, taking the ergonomic
chair as the main design research carrier, conducting the experimental
study, and explored the parametric industrial product design procedures
and methods based on personalized design notion of “Form follows
behaviors”. The research map focused on two fundamental parts
of parametric design definition: the construction of the parameter
relationship and the acquisition of parameters. The first part, through
design space exploration (DSE), to translate the design problem into
parameters relationship and variable ranges. The second part, using
various software and hardware tools (Grasshopper, Arduino with
pressure sensors, Kinect, etc.) to facilitate parameter acquisition
and its application in the 10-person customer-driven experiments to
the resulting design models and user datasets. Finally, through the
formulation of quantitative evaluation for 110 sets of user data and
models, selecting the best design solution for the 3D printed prototype,
and conducting the user test.
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1. INTRODUCTION
Parametric design and digital technologies have been becoming increasingly
essential for industrial design in recent years (Connors et al. 2019). The progress
of sensors and smart hardware also enables more ergonomics and anthropometry
to permeate into design studies (Baek and Lee, 2012). We take the ergonomic chair
as the research carrier, conducting 10-person customer-driven design experiments
with multi-sensors, exploring the construction of the parameter relationship in
algorithmic industrial product design.
There have been various design studies on ergonomic seats based on parametric
platforms and different sensory devices. Digital artist Zhoujie Zhang equipped
the Sensor Chair with a tactile-sensitive sensor system and visualizing the
self-generating chair designs as they were in the formation via user interaction
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(Zhang and Yan, 2020). Li et al. (2020) installed pressure and ultrasonic sensors
with Arduino on a seat for sitting posture correction based on ergonomics. In
addition to sensors fixed on chairs, wearable devices with sensors have been
widely used in ergonomic design (Salvado, 2016). In our study, we adopted the
wearable pressure sensing device that can provide participants more choices, such
as shifting chairs and sitting positions by favor, or even sitting on the ground, in
order to generate more innovative seat shapes from their natural postures.
The Microsoft Kinect has been applied in ergonomic design researches.
ActiveErgo system used the Kinect sensor for monitoring to determine the ideal
personalized furniture positions for different users (Wu,2018). The Kinect v2
has standing and sitting modes, which can accurately measure the sitting posture
details of participants for our experiment.
The statistical and mathematical methods for ergonomic evaluation are also
significant for the study (Burkov, 2019). We formulated a criterion of ergonomics
evaluation for the 110 sets of personal data we detected during the experiments
and selected the optimal seat surface shape for the 3D printed prototype.
2. RESEARCH DESIGN
2.1. DESIGN SPACE EXPLORATION

Design Space Exploration (DSE) refers to the activity of exploring design
alternatives prior to implementation. DSE allows designers to translate design
problems into different variables in the design space, by adjusting variables to
optimize and get ideal designs. The parametric design platform is ideal for
DSE, there are two fundamental parts in the parametric design process: the
construction of parameter relations and the parameters acquisition. In our study,
we used Microsoft Kinect v2 camera to capture 25 points of spatial position
parameters of human body skeletal tracks, and Force Sensing Resistor (FSR)
pressure sensors based on Arduino Uno to get six pressure value parameters. We
input the parameters above through the plugin Firefly into the Grasshopper. In
the Grasshopper, the base seating surface was generated by connecting adjacent
every 3 points of the 16 skeletal tracking points of Kinect, the purpose of 3 points
connection is in order to get the flat unit triangle surfaces. The 16 points of Kinect’s
skeletal tracks can perfectly represent the sitting posture of a human body, the
point joint types and the IDs are respectively following: Spine Base 0, Spine Mid
1, Neck 2, Shoulder Left 4, Elbow Left 5, Wrist Left 6, Shoulder Right 8, Elbow
Right 9, Wrist Right 10, Hip Left 12, Knee Left 13, Ankle Left 14, Hip Right 16,
Knee Right 17, Ankle Right 18, Spine Shoulder 20 (see Figure 1).
The base seating surface above generated by Kinect points can only represent
the sitting posture instead of the person’s physical characteristics. Accordingly, we
applied the Arduino FSR pressure sensors to detect the pressure values between
the human body and chair and then manipulated the data to the iterative design of
the seating surface. In the Grasshopper, we could get 6 pressure parameters (A0 A5) based on the Firefly Arduino Uno component. We applied the 6 parameters
to manipulate local shapes of seat-hip-contact panels.
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Figure 1. Experiment participants’ information and design space exploration process.

2.2. EXPERIMENT SYSTEM DESIGN

After finishing the DSE, we have got the Grasshopper definition and the
construction of parameter relations, and the next step is the acquisition of
parameters from the real world. Firstly, we considered how to use the Arduino
toolkits and 6 pressure sensors in an appropriate way. From the related work
reviews above, researchers usually put the pressure sensors on the chair and fixed
them on the seating surface. In our study, we hope experiment participants have
several different options rather than just sitting in one seat to take the test. In
our scheme, we expect that participants not only have more chair choices but
also can sit on any place, such as the ground, thus, to get more creative sitting
postures. In addition, the FSR thin-film pressure sensor is suitable for sticking on
the body because of its lightweight. Therefore, we designed a wearable pressure
detection device, as shown in Figure 2, which was modified from a hip protector.
We attached the 6 pressure sensors to the 3 pairs of symmetric areas according
to the hip skeletal structure associated with sitting posture, which includes caput
femoris (A0, A1), sacroiliac joint (A2, A3), ischial tuberosity (A4, A5). The
pressure values of these three areas are important references for ergonomic chair
design, many illnesses related to sitting are caused by the improper usages of these
joints, such as sciatica, sacroiliitis, coxalgia, ONFH (osteonecrosis of the femoral
head), etc. Meanwhile, those three joints are also important design nodes in a
human sitting. We defined three types of transformations of base sitting panels
corresponding with these three groups parameters: First, caput femoris pressure
parameters (A0 and A1) control the width of the sitting surface, because caput
femoris locate on both sides of the human body, in addition, the forces at these
two points are also located on the edge of the hip forces distribution. Second, the
depth of the chair is manipulated by the pressure parameters of sacroiliac joints
(A2 and A3) in that they are important junctions between the spine and femur
and mainly affect the front and back movements of the human body on the seat.
Thirdly, the pressure parameters of ischial tuberosity control the vertical height of
local sitting panels, which are the two triangle panels contacting the hip. These 6
pressure parameters add thickness to the human body of contact surface with the
chair on the basis of the Kinect skeletal tracking body. We applied the Arduino
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Uno and the plugin Firefly gathering and acquiring these pressure parameters in
Grasshopper, as shown in Figure 1. The latticework on the hip pad helps us find
these symmetrical positions easily, and we used Velcro with 3M glue to fix the
FSR pressure sensors on the hip pad. We had M and XL two sizes hip pads to fit
people of different heights and weights. Moreover, we could adjust the positions
of pressure sensors by adhering to more Velcro in order to fit different persons’
body shapes (Figure 2:A, B, C).

Figure 2. The wearable sensors devices and the experimental space.

After getting the pressure sensing wearables, the next step is to layout the
experimental space. As shown in Figure 2E, we had a 3 by 3 square meters of
space, and we placed a Kinect v2 camera at the front of the space. We marked a
0.6 by 0.6 square meter area 2 meters in front of the Kinect camera for the seat
to be tested. We placed different types of chairs around the test area, including
an ergonomics office chair, a Chinese style round-backed armchair, a plastic chair
with arms, a non-folding chair without arms, and a foldable chair without arms.
We asked participants to put on pressure testing wearables, choose the chair that
they thought comfortable and put in the test square, sitting facing Kinect camera,
and could change the chair during the experiment. According to our pre-test,
when the human body is sitting facing the Kinect camera, the test data is the
most stable. Meanwhile, we provided participants with some soft cushions and
pillows, which they could use to sit on the chair more comfortably. Furthermore,
they were also given the option of abandoning the chair and placing the cushion
on the ground, thus sitting on the floor (Figure 2D). Our experiment scheme was
to capture at least 5 of the most comfortable sitting postures of an experimental
participant while sitting in the testing area and to generate a real-time seat surface
model corresponding to that sitting position in the Grasshopper and record relevant
parameters in the Excel table.
3. IMPLEMENTATION
We recruited 10 participants for our experiment, including 5 males and 5 females
(see Figure 1). According to the experiment scheme above, we conducted the
ergonomic seating design experiment and recorded the whole procedures by video.
After confirming the positions of the testing square area and the Kinect camera, we
helped the participants wear the pressure sensing wearables according to their sizes
and asked them to choose the favorite chair they thought comfortable. Among
the participants, there were two female participants wearing skirts, which we
thought was a good opportunity to test the most comfortable sitting position data
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of skirt wearers and generating corresponding seating surfaces for them. Our hip
protectors have three sets of buckles that of the waist, groin, and near the knees.
When wearing the pad for skirt wearers, we only squeeze the buckles on the waist
and near the knees, which had no effect on the data collection, as the skirt wearer’s
movements were already restricted.
When the experiment started, we asked participants to sit in the most
comfortable way and changed different favorite positions or chairs. During the
experiment, participants usually chose two or three different chairs to sit, and
6 participants provide us ground sitting postures. All the real-time information,
including the generated seat surfaces, Kinect skeletal bodies, and the 6 pressure
values, were shown in the Grasshopper. We chatted with participants and asked
them whether they were currently sitting comfortably. Once a comfortable sitting
position was confirmed, we exported geometries of the Kinect skeletal body
and the seating surface to Rhino and recorded the parameters in Excel by the
plugin Lunchbox Excel writer component. The Excel data would be used in the
subsequent evaluation procedure, including the pressures value A0 to A5 and
their expectations, standard deviations, and tolerances, which will be explained
specifically in the following evaluation part.
4. EVALUATION
The qualitative visual observation cannot help us decide which seat surface is
the most comfortable and ergonomic. Therefore, we designed a quantitative
evaluation method, in which we mainly conduct further statistical analysis of six
Arduino pressure values. The function of 6 pressure sensing values is not only to
control the six triangular panels corresponding with body joints but an important
reference for ergonomic chair design. A prominent ergonomic chair, when the
user sits on it, the pressure distribution should be average, just like a bed that can
smoothly offset the user’s weight and physical pressure. It certainly makes the
user feel uncomfortable if the force on a local part of the body is much greater
than in the other 5 areas. Accordingly, the first evaluation target is the degree
of dispersion of the six pressures data, which is the variance in mathematics. In
order to simplify the calculation, we used the standard deviation (SD) in our study,
which is the square root of the variance (see Formula 1, 2).
∑n
xi
x1 + x2 + . . . + xn
x=
= i=1
(1)
n
n
√
∑n
2
i=1 (xi − x)
SD =
(2)
n
Standard deviation is used to describe the degree of dispersion of 6 random
variables, in other words, it is for knowing whether the forces of the 6 pressure
sensors are even. On the other hand, in the experiment, it might happen that
one of the three sets of data is much higher than the mean of the other two sets,
however, each group has balanced paired 2 values. For instance, the participant
leaned forward or did not lean heavily against the back of the chair, which might
put much more pressure on the ischial joints than the other two joints. In order to
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know whether the 2 pressure values of the paired symmetric sensors are average,
we also introduced the reference parameter of the Tolerance, which is the sum of
the absolute value of the difference between two paired pressure values of three
groups. Tolerance (T) is used to assess whether the joint positions on both sides of
the participant’s body are balanced, as well as to judge whether the participant’s
sitting posture is correct and healthy (see Formula 3).
T = |A0 − A1 | + |A2 − A3 | + |A4 − A5 |
(3)
During the experiment, we recorded in total 110 sets of data that as shown in Figure
3 left, which includes the 6 pressure values as well as the expectation (average
value), the standard deviation, and the tolerance. We could make a longitudinal
comparison of each person based on these data but cannot conduct horizontal
comparison among different people.
As shown in Figure 3 left, different people with different weight has different
pressure forces to the sensor which were ranged from dozens to hundreds. For
instance, in our experiment, female participant LY’s weight is much smaller than
male participant KM, the pressure values of A0-A5 measured from former’s
posture LY02 are 39, 34, 29, 22, 30, 27, and the latter’s data of posture KM03
are 235, 179, 129, 161, 135, 125. The expectation of the two sets respectively are
ELY02 = 30 and EKM03 = 160, the YL02_A2 = 29, and has difference between
the ELY02 is 30-29=1; the KM03_A3 = 161, and has difference between the
EKM03 is 161-160=1 identically. The 2 data have the same difference from the
expectation, but we cannot say they have the same deviation, because they have
different expectations, in other words, different weights and measures.
Accordingly, before the horizontal comparison, we should unify the metrics.
We applied the mathematical concepts of the Relative Standard Deviation (RSD)
and the Relative Mean Deviation (RMD) to unify metrics of the SD and the
Tolerance respectively. RSD is used to describe several sets with different
expectation, which is the quotient of the SD divided by the expectation thus
eliminating the effects of different expectation of each set, as the following
Formula 4:
√ ∑
n
2
1
SD
i=1 (xi − x)
n
RSD =
=
(4)
x
x
The RMD is the value that eliminates the influence of the mean difference between
each pair of data based on the Tolerance. After derivation, Formula 5, 6 are as
follows:
Ai + Ai+1
A=
, (i = 0, 2, 4; Ai > 0)
(5)
2
|Ai − Ai+1 |
Ai − A
=
RM D =
(6)
Ai + Ai+1
A
Finally, we added the values of the RSD and RMD, thus sorted their sums from
small to large to get the evaluation results of 110 sets of data, as shown in Figure
3 right. Table 1 left shows the top 7 data of the Excel table. At the same time,
we extracted the extreme values and quartiles from the overall ranking table, as
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is shown in Table 1 right. The quartiles divided the data into 4 sublists with the
range respectively of List 1: Min to Q1, List 2: Q1 to Q2, List 3: Q2 to Q3, List
4: Q3 to Max.

Figure 3. The visualization of all 110 personal data.

Table 1. Top 7s in design evaluation (left) and quartiles of the overall rank (right).

5. RESULTS
After getting the ranking list of all the data and the quartiles lists, we conducted the
qualitative and quantitative analysis. Firstly, we wanted to confirm whether the top
7 ranking list is the best options for the design, and secondly, we also wanted to
know what are the characteristics of the 4 quartiles lists and whether the sitting
postures and seat shape corresponding to each list have any commonalities or
regularities? We imported the video screenshots of each set of data recorded during
the experiment into Adobe Animate according to the sequence of evaluation results
and adjusted the frame rate to 1 second per frame to produce video animation
in SWF format. By repeatedly watching the animation to search patterns and
characteristics of each list, we found that each list has its own typical seat shape and
sitting postures, which appeared more times saliently than other types, as shown
in Figure 4. First, the typical seat surfaces of list 1 look like “Patrick Star”, they
have clear limb shapes and a straight belly. The characteristics of corresponding
sitting postures are that the limbs are extended relative to each other, and the
femur presents a downward sloping angle to the seat surface, the participants‘ hips
usually sit in the front of the seat, with the back leaning against the chair back. At
this time, participants’ pelvis tilted forward, which is healthy to the human body’s
spine and similar to the sitting position of the saddle chair (Wallace,2010).
Secondly, we observed that there was more ground sitting positions in list 2,
which suggested that the ergonomic performance of sitting on the floor ranked
at the upper-middle level. This sitting posture is inherent to primates and is the
result of long-term evolution, so it was not surprising that it ranked as a relatively
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higher level. Thirdly, slopping back or sitting to relaxed are the typical postures
in list 3, in which the body leaned back hard while sitting with flat thighs on the
chair. At this time, the body presented a large elevation angle and was in a state
of tension against the chair back. However, from the pressure test results, this
seemingly comfortable posture increased pressure on the hips rather than reduced
it. Fourthly, in list 4 with a lower score, there were more unhealthy sitting postures
such as lifting a leg and reclining sitting, etc. in these situations, the posture of the
body showed an asymmetry, so it had the lowest score.

Figure 4. 4 quartiles lists typical seat shapes.

Through the analysis of the interquartile ranges above, we can conclude that our
evaluation system and the ranking list work. With auxiliary means of the ranking
table and visual observations, we finally chose the KM03 chair that ranked second
in the ranking table and with a decent seat surface shape as the final design proposal
for 3D printing.
By watching the screenshots recorded during the experiment, we noticed that
KM03 and KM05 as well as the KM04, which were recorded in a short time where
the participant was sitting on the ergonomic chair in a relaxed sitting position and
rotating the chair, see Figure 5 left part. We assumed that the rotation of the seat
might create a centripetal force that pushed the participant’s body toward the seat
surface, so that all parts of the body were evenly stressed, which was also reflected
in the pressure value panels. Therefore, the corresponding seat surface generated
in the Grasshopper at that moment could be the best option for an ergonomic chair
seat surface.

Figure 5. The formation process of KM03 chair.

Next, we used Rhino the SubD component, and plugin weaverbird to modify
and refine the basic seat panels generated in Grasshopper to ensure the structural
stability and implementation for 3D printing, see Figure 5 right part. We applied
the robotic arm 3D printer fabricating the tangible chair, the whole production
process cost just 6 hours. In addition to rapid prototyping, the chair surface
produced by 3D printing is exquisite, and the modeling details of the digital model
were highly restored.
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Finally, we got the 3D printed chair as shown in Figure 6, we conducted the
using evaluation with the participant who created the KM03 chair with sitting
posture. We used the Velcro with glue to arrange the pressure sensors on the
surface of the chair. And we asked the participant sit in the chair, recording the
pressures value at the same time, the pressure values were evenly distributed. The
comfort of the chair was also proved by the interview with the participant.

Figure 6. The pictures of 3D printed chair and users test.

6. CONCLUSION
6.1. PERSONALIZED PARAMETRIC CHAIR DESIGN PROCEDURES AND
METHODS

The procedures of our study can be divided into two parts which are also the
two fundamental parts of the parametric design definition: the construction of
the parameter relationship and the acquisition of parameters. In the first part, we
used DSE to translate the design problem and then defined the range of design
parameters to get the corresponding parametric geometries with the variation of
the range. In the second part, we used the Kinect smart camera, and the wearables
with Arduino FSR pressure sensors to acquire parameters from the participants in
the ergonomic design experiment.
6.2. FORM FOLLOWS BEHAVIORS

The acquisition of personalized data provided the probability for the customized
design. In our case, we used Kinect to capture the subtle postures and behaviors
of participants, and we applied the wearables with pressure sensors to detect the
pressure value of six parts of hips, we aimed to conduct a design pattern of not
only data-driven design but also a “form follows postures or behaviors” paradigm.
In particular, the use of the pressure wearable device enables the experiment
participants to move more freely, which not only provides participants with a
variety of seat options but also enables participants to creatively make more sitting
postures, such as sitting on the ground.
6.3. EVALUATION WITH THE QUANTITATIVE METHODS

In our study, we got 110 sets of data based on the experimental sensor detections.
We applied mathematics quantitative methods searching the regulations of the data
firstly and conducted the evaluations to choose the best option. We utilized the
statistic concepts SD, RSD, and RMD, etc. to investigate the data and used the
quartiles to analyze the data list. Finally, we combined the quantitative analysis
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methods and qualitative research strategy to make the choice of the final design
proposal.
7. DISCUSSION and FUTURE WORK
Through experiments, we found that the sitting postures of male and female
participants and the corresponding generated seat surfaces were distinct. All the
female participants were presented with the same female-specific sitting posture
that resulted in a distinctively rounded top and pointed bottom with a unique
inverted droplet shape or ginkgo biloba shape surface, as shown in Figure 7. At
this time, female participants sat with their thighs opened at a small angle and
their legs in a parallel position or crossed. This sitting posture and seat surface
shape never appeared in the experiment with male participants. On the other hand,
the male participants were more likely to sit with their legs open at a wide-angle,
but this posture was not unique to men. This small accidental discovery once
again confirmed the notion of the study: Form follows postures/behaviors. This
paper provided a general method to conduct parametric design based on the users’
postures and physical data, the future work would be more specific, for instance,
we can design products aimed at users of a certain gender, such as the feminine
chair, etc.

Figure 7. The 5 generative female-specific seat shapes.
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