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Abstract: A supply chain resilience model is established based
on the biological cellular resilience theory to analyze the
impact of the supplier relationship on supply chain resilience.
A scenario where the market demand is changed suddenly by
some undesired events is considered. The results reveal that
enhancing collaboration with a more resilient supplier can
significantly improve supply chain resilience and reduce supply
chain losses. It is also found that enhancing the supplier
relationship can significantly benefit supply chain resilience if
the collaborative intensity is relatively low, and it has less
effect if supply chain members have already collaborated
closely. Thus, enhancing the supplier relationship to a limited
intensity is a relatively effective and economic method to
strengthen supply chain resilience.
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upply chain management aims at optimizing the op-
S eration mechanism to realize high supply chain bene-
fits, and efficiency, and consequently sustaining competi-
tiveness in the industry. To this end, many advanced
supply chain management principles have been proposed,
such as just-in-time (JIT), the original equipment manu-
facturer (OEM), centralized production and distribution,
etc. However, these principles make supply chains much
more vulnerable to unpredictable shocks in today’ s uncer-
tain and turbulent market'"'. Many examples of signifi-
cant supply chain disruptive events have been wit-
nessed' . One of the most famous cases is the March
2000 fire at the Philips microchip plant in Albuquerque,
which sent his major buyers, Nokia and Ericsson, into
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chaos. Nokia learned of the impending chip shortage in
just three days and took advantage of its rapid coordina-
tion and multiple sourcing strategy to obtain chips from
other sources. Ericsson, however, could not avoid a pro-
duction shutdown and exited from the mobile business
market''.

Facing such disruptive events, some supply chains sur-
vived and expanded, but others perished. How does this
happen? The critical factor is supply chain resilience. In
materials science, resilience represents the ability of a
material to recover its original shape following a deforma-
tion. It was then introduced into social ecology, engi-

. . . . 3-5
neering and organizational behavior areas"””’.

Since
2001, research on supply chain resilience has gradually
attracted people’ s attention. Christopher and Peck'' de-
fined supply chain resilience as the ability to recover to its
initial state or moving to a new and more satisfied state
after disruption. Sheffi"”' proposed that resilience refers to
the ability of a company to bounce back from a large dis-
ruption. Zhao'™ pointed out that supply chain resilience
was the self-adaptive and self-repairing ability of a supply
chain when facing unexpected shocks, like biological cel-
lular resilience. Despite different definitions, the essence
of supply chain resilience is the ability to adapt to a
changed environment efficiently and recover its original or
even a better state post the disruptive event™'.

Supply chain collaboration has been proposed to be an
effective way to create supply chain resilience'™'"™"".
Christopher and Peck'” identified supply chain collabora-
tion to be one of the principles of creating supply chain

resilience. Muckstadt et al."”

proposed that constructing
a collaborative relationship between supply chain partners
will reduce uncertainties in supply chain operations.
Lee!"" pointed out that aligning the interests of all the
firms in the supply network will optimize the chain’ s per-
formance when companies maximize their interests. Al-
though these works all emphasize the importance of sup-
ply chain collaboration, there is less work about how to
manage a supplier relationship against supply disruption
risks. To address the gap in the current literature, we in-
vestigate the impact of supplier relationships on supply
chain resilience to give convincing arguments on supplier
relationship management.

Considering a two-stage supply chain consisting of two
suppliers and one manufacturer, we establish a supply
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chain resilience model and discuss how supplier relation-
ship influences supply chain resilience under a demand
shock. The results shed light on how to develop correct a-
lignment with suppliers to co-create a secure and resilient
supply chain.

1 Supply Chain Resilience Model
1.1 Biological cellular resilience

The biological cell is the basic structural, functional,
and biological unit of living organisms. Biological cells
in human body are constantly subjected to mechanical
stimulations from both the external environment and inter-
nal physiological conditions, causing deviation from their
normal structural and physical properties. However, cells
are able to withstand and respond to these stimuli with
their complex skeleton and membrane systems, demon-
strating great resilience''” .

Some mechanical models have been developed to char-
acterize biological cellular resilience, using either the mi-
cro/nanostructural approach or the continuum approach.
The continuum approach is simple and more straightfor-
ward to compute the mechanical properties of cells, al-
though it provides less insight into the detailed molecular
mechanical events. Generally, the continuum approach
treats cells as comprising viscous materials, elastic mate-
rials, or viscoelastic materials, depending on the proper-
ties of cells. Accordingly, models viewing cells as a vis-
cous component'*™ | an elastic component'”’, or a con-
nection of both viscous and elastic components''"”" are
established to study biological cellular resilience.

1.2 Supply chain resilience model formulation

Supply chain is a complex adaptive system open to the
outside world. It has several similarities to biological
cells. First, modern supply chains are dynamic networks
of interconnected firms and industries, which is similar to
the cytoskeleton system constituting the primary structure
of biological cells. Secondly, supply chains exchange
material, capital, and information with the outside world
and biological cells exchange material, energy, and infor-
mation with the external environment. Thirdly, once a
sudden event occurs and breaks the balance of exchange
between supply chains and the environment, supply
chains will form an adaptive and self-repairing reaction to
resist and reduce the negative effects. This is similar to
the passive and active response of biological cells to me-
chanical stimuli from both the external environment and
internal physiological conditions. Considering the similar-
ities between supply chains and biological cells, Zhao"
first proposed a basic framework for the supply chain re-
silience model following the continuum approach of bio-
logical cellular resilience. Li and Zhao'"™ further took the
supply chain as a cell and studied how the strain of the
“cell” changes after a shock occurs and is eliminated.

The strain of the “cell” shows the change of supply chain
performance under unexpected shocks.

Based on the above analysis, we view a two-stage sup-
ply chain as a biological cell in this paper and regard the
members in the supply chain and the collaborative rela-
tionships between the members to be some elastic and vis-
cous components of the biological cell respectively, as
shown in Fig. 1. Specifically, the three members of the
supply chain, manufacturer M, supplier S,, and supplier
S,, are regarded as elastic components because they are
all resilient to external shocks'"”, similar to elastomers.
The collaborative relationships between the manufacturer
and the two suppliers are supposed to be two viscous
components R, and R,, because they take effect on resis-
ting the impact of sudden shocks, similar to viscoid.

S, Ry

S
2 R,

Fig.1 Supply chain resilience model

Suppose that ¢ is the strain of the supply chain system
under the stress o; k,, is the elastic coefficient of S,; u, is
the viscous coefficient of R,. S, suffers stress ¢,,, and
strain g,,,. R, suffers stress o,and strain ¢,,,. The Max-
well component consists of S,and R, in a series connec-
tion suffers stress ¢, and strain g,,. k,is the elastic coef-
ficient of S,, and u, is the viscous coefficient of R,. S,
suffers stress o (,, and strain ¢,,,. R, suffers stress o ,,and
strain &,,,. The Maxwell component consists of S, and R,
in series connection suffers stress ¢, and strain g,. The
parallel connection of the two Maxwell components suf-
fers stress o, and strain g,. k, is the elastic coefficient of
M, and it suffers stress o, and strain ¢,. According to the
connection way of elastic and viscous components in Fig.
1, we obtain the following relationships between stresses
and strains when the supply chain is attacked by a shock.

g=0,=0, (1)
o, =0, t0oy, (2)
0, =0 =0 (3)
O =0 =0 1n (4)

g=¢g +e& (5)
& =& =€n (6)
En=€m tém (7
Ep =& T En (8)

The mechanical properties of the elastic and viscous
components give the constitutive equations of the elastic
component S, and the viscous component R,""” .

_ de),
O =My dt 9

o =kyen,
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Similarly, we can also obtain the constitutive equations
of the elastic component S, and the viscous component
R,.

_ de
Tip =M dt

(10)

O ke,

Combining Eqgs. (3), (6), (7), (9) and Egs. (4),
(6), (8), (10), respectively, we obtain

do, dey, 1 doy 1 (11)
dt — dr k, dr o, "

de, de, 1 do 1

o1 _ T 2 12 —0, (12)

dr = dr k, dr p

Combining Egs. (1), (2), (5), (11), (12) and with
some algebraic manipulations, we obtain the relationship
between the supply chain strain and the stress as

d251 ik () %_ 1 dZO'_

dr i, Ckyy k) de kyy + kg, dr
(K, +kyypy) d70'_ ky ki,
i (kg + k) de s (kyy + k)

o=0 (13)

1.3 Supply chain resilience model analysis

Generally, there are three types of risks inherent to all
supply chains, namely, supply, process, and demand
risks. In this paper, we focus on demand risks. Unex-
pected changes of the market demand are very common in
practice. For example, the outbreak of SARS caused a
sudden demand shock for respirators and disinfectors. The
epidemic of mad cow disease affected a large degree of
the demand for beef consumption. There are also frequent
reports about events of a defective part of a car, which
will sharply decline the demand of the car in a short peri-
od of time.

Without loss of generality, we assume that the custom-
er demand of the supply chain is d, in normal operation,
and then it shifts to d, at time ¢, when an undesired event
occurs, where d, > d, represents an increased customer
demand, and d, < d, represents a decreased customer de-
mand. The sudden shift of customer demand at time ¢,
leads to a transient stress o *(7) = | d, —d, | on the sup-
ply chain. The stress o *(#) will hold until the manufac-
turer finishes coordinating with suppliers and adjusting
their production according to current demand. If the sup-
ply chain is resilient enough to bear the sudden demand
shift, the stress ¢ * () will be eliminated at time ¢, = 7, +
At, just like the supply chain was shocked by another
stress o~ (1) = - | d, —d, | att,.. We formulate the
stress on the supply chain during the whole process as fol-

lows:
0 O=sr<y,
o =la" ()= |d,-d, | t,<t<t (14
o’ (1) +o (1) =0 =1

During [0, t,), there is no stress on the supply chain
system; therefore the supply chain strain is 0. In [7,,¢,),
the demand shock causes a constant stress o (t) = \ d, -
d, | on the supply chain. Thus, Eq. (13) can be simpli-
fied as

dzé‘l ky ki (g + ) % _ ky ki o =0
ar ity (kyy + k) de g, (ky + k)
(15)
The characteristic equation of Eq. (15) is
, kyk(u, +M2)/\:0 (16)
s (kyy + k)
Solving Eq. (16), we obtain the corresponding eigen-

values as A, =0, A, = - So, a system of

s (ki + k)
fundamental solutions of differential equation (15) is
ei(t) =1, £, (t) =e"'. Through the method of undeter-
mined coefficient, we obtain the general solution of Eq.
(15) as

e,(1) =C, + C,e™ +

t (17)
LA L)

At time #,, when the demand shock occurs, the viscous
components R, and R, keep their shapes while the two
elastic components S, and S, deform. According to the
mechanical properties of the elastic components, we ob-
tain
a,(t,) o1
kll + klZ - kl] +k12

Based on Egs. (1), (2), (5), (11), (12), when t—
ty , we obtain the initial condition through some algebraic
manipulations as
% _[L (kll k12) kn

+ | —-—=
dt Mz(ku +ky,) M My

e (1) = (18)

(k, +k12)2]"(’°)

(19)
On the other hand, we have the following equations
from the general solution (17),

Aty a(t,)
£1(1y) = C, + Gt + Ty (20)
My TR
d !
R WA (21)
dr 1. Mo TR

Substituting Eq. (18) into Eq. (20) and substituting
Eq. (19) into Eq. (21), we obtain

t 1
o) _ C, +Cye™” RLACE t (22)
ky +kp, Mty
klZ kll klZ 11
e (=) o) =
[I‘Lz(kll +k12) (M] ,LLZ)(k“ +k12)2] 0
11
CQ)\QGM" +@ (23)
Myt
Solving Egs. (22) and (23) simultaneously, we calcu-
klzﬂj + kluué

late the value of C, and C, as C, = (ﬁ -
k() + (1,
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(kyopey = k) ’
My Ty kyyk (g +M2)2(ku +kyy)
e “*o(t,). Substituting C, and C, into Eq. (17), we ob-
tain the exact expression of g, (7).

For elastic component M, we have &,(t) =o,/k, =0/

k. Let A = klz#? +k11;“«§ - f
kyky (g + ) Myt
_ (kpppy _kluuz)2 e A
kyky (g +M2)2(k11 +k,)

pressed as

)o'(to) and C, = -

and B =

, and then g(f) can be ex-

6(1) =6,(1) +ex(1) = (A + B +ﬁ+,})a(r>

(24)

Denote the strain under stress o* (1) = | d, —d, | as
" (1). According to Eq. (14), another stress o~ (1) =
- |d,-d, | is loaded on the supply chain at time 7,
causing a strain g  (t). Therefore, in the process
0—t,—t,—, we have the total strain of supply chain
system under the interaction of its resilience and external
stress as

0 O=sr<y,
t
Myt

e" (1) :(A+Be“+ +kL) |d, -d, | t,<t<t,
2

M et vem = (B e
+t1_t0)‘d2—dl‘ =1
Myt
(25)

2 Analysis of Supplier Relationship Impacts on
Supply Chain Resilience

A closer collaborative relationship between supply chain
members can lead to a much faster and more efficient coor-
dination. Also, a supply chain member who is more resili-
ent reacts much more rapidly to shocks. Therefore, the
time period At required to coordinate between the supply
chain members and adjust production capacity is inversely
proportional to the collaborative intensity between supply
chain members and the resilience level of each member.
Considering the structure of the supply chain with two sup-
pliers and one manufacturer discussed in this paper, we
make a hypothesis that At = min[ G/ (u,k, k,), G/(w,k,,
k,)], where G >0 is the proportional coefficient.

In the following, we use some numerical examples to
visually illustrate how supply chain changes under the in-
teraction of its resilience and external stress. Parameters
are set as d, =20, d, =30, t, =5, k, =20, k, =k, =10
when the two suppliers have the same level of resilience,
and k,, =15, k;, =10 when the two suppliers have different
levels of resilience. Fig.2 shows the supply chain strain as
time goes by. During [0, #,), the supply chain is in nor-
mal operation and satisfies customer demand d,, and no

strain is observed. The strain of the supply chain increases
during [#,, t,) because the unmet demand is accumulated
under the original supply capacity after a demand shock.
After coordinating and adjusting production capacity for At
time period, the supply chain increases its supply capacity
according to the new demand d,. Therefore, the supply
chain is no longer stressed by the shifting demand and the
strain of the supply chain is decreased; however, the strain
cannot be eliminated. It approaches a new stable value
|d, -d, | (t, —1,)/(u, +u,), which is the updated equi-
librium state adapted to the new environment. Fig.2 also
indicates that strengthening the collaborative relationship
between manufacturer and whichever supplier will improve
supply chain resilience. It can not only reduce the strain,
but also make the supply chain respond much faster.

3.0
My =pp =20
2.5) — p, =201, =50
=]
B =7y =50, =20
% 2.0 ___
= w1 =50, =50
g
S 1.5
=
(=9
Z10
0.5
0
0
255
M =y =20
=20, =50
. 2.0 M1 1]
3 -==-pq =50, =20
; Lt~ 1 =30, =50
<
-=
o
= 1.0
o
=
wn
0.5
0
0

(b)
Fig.2 Supply chain strain at different times. (a) k,; =kj,; (b)
kyy > ki

From Fig.2, we find that there are three key perform-
ance indicators of supply chain resilience during the reac-
tion process: 1) Coordination time Ar. 2) The supply
chain strain at time ¢,, which is the maximal strain during
the whole period. If g£(t,) is smaller than the maximum
strain the supply chain can afford, the supply chain will
gradually recover or move to a new equilibrium state; oth-
erwise the supply chain will perish and can never recover.
3) The new equilibrium state when t— oo indicates the
long-term impact of the shock on the supply chain.

Figs.3, 4 and 5 describe, respectively, how the three
indicators change with the collaborative intensity with one
of the suppliers, when the two suppliers are at the same
of different levels of resilience. From the figures of the
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and supplier collaborative intensity. (a) k;, =kp; (b) kyy >k,
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Fig.4 Relationship between supply chain strain at time ¢, and

supplier collaborative intensity. (a) k;; =ky,; (b) ky; >k,

three groups, the following results are obtained:

2 4.0
g My =20
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(b)
Fig.5 Relationship between supply chain strain at the new e-
quilibrium state and supplier collaborative intensity. (a) &, =
kias (b) ki >k,

1) If two suppliers have the same resilience, the two
curves are always coincident, including the coordination
time, the maximal strain during the period, and the strain
at the new equilibrium state.

2) If one supplier is more resilient than the other, its
supply chain resilience is more sensitive to the supplier re-
lationship with the more resilient supplier.

3) When u, and w, are small, e. g. in [1, 30], in-
creasing u, and u, can increase supply chain resilience
more efficiently. In contrast, when u, and w, are larger,
e. g. in [30, 100], increasing u, and u, has less effect on
enhancing supply chain resilience.

From the above comparison results, we obtain the fol-
lowing insights.

Insight 1  The relationships between different suppli-
ers and manufacturer have the same effect on supply chain
resilience if the suppliers have the same level of resili-
ence.

Insight 2 Enhancing collaboration relationship with
the more resilient supplier contributes much more to im-
proving supply chain resilience if the suppliers have dif-
ferent levels of resilience.

Insight 3  Since developing collaboration relationships
between supply chain members is costly, manufacturers
can improve the supplier relationship within a relatively
small scope, which will not only improve supply chain
resilience, but also save costs.
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3 Conclusion

In this paper, a supply chain resilience model of two
suppliers and one manufacturer is built, and the influence
of the supplier relationship on supply chain resilience is
investigated by using the biological cellular resilience the-
ory. Some conclusions are reached. First, supply chain
resilience is influenced by the supplier relationship, which
has been testified by the quantitative model proposed in
this paper. Secondly, the collaborative relationship with a
more resilient supplier has much more effect on enhancing
supply chain resilience. When attacked by a disruptive
event, the manufacturer should first consider enhancing
the collaborative relationship with more resilient suppli-
ers. Thirdly, enhancing supplier relationship significantly
benefits supply chain resilience if the collaborative inten-
sity is relatively low, and it has less effect if supply chain
members have already collaborated closely. Manufactur-
ers should enhance supplier relationship to a limited inten-
sity from the perspective of saving costs. In future re-
search, we will take the cost of building supply chain re-
silience into consideration and try to achieve the balance
between supply chain resilience and supply chain cost/
profit.
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